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abstract .
S o n ic  v i b r a t i o n s  a t  f r e q u e n c i e s  o f  600 c . p . s .  and 
1700 c . p . s .  have  been  a p p l i e d  t o  t h e  ga s  s t r e a m  o f  a 
s y s t e m . i n  which  p o s t - a e r a t e d  town gas b u r n s  w i t h  a 
d i f f u s i o n  f l a m e  i n  a 5“ f’0° t  v e r t i c a l  w a t e r  c o o le d  t u b e .
The main e f f e c t s  were  t o  i n c r e a s e  t h e  h e a t  t r a n s f e r  by 
f a c t o r s  o f  2 to  3 i n t h e  l o w e r  p a r t s  o f  t h e  t u b e  and to  
l o w e r  t h e  p o s i t i o n s  o f  maximum h e a t  t r a n s f e r  and r a d i a t i o n  
h e a t  t r a n s f e r .  Flame t e m p e r a t u r e  was g e n e r a l l y  r e d u c e d  
b u t  i n  t h e  lo w e r  p a r t  o f  t h e  t u b e  e r n i s s i v i t y  was i n c r e a s e d .  
The f l a m e  was s h o r t e n e d .
The v a r i a b l e s  s t u d i e d  were  sound p r e s s u r e ,  sound 
f r e q u e n c y ,  gas momentum f l u x  and gas  f lo w  r a t e .  T h e i r  
e f f e c t s  were  examined i n  a f a c t o r i a l  g rou p  o f  e x p e r i m e n t s  
and e q u a t i o n s  were  d e r i v e d  e n a b l i n g  a, number o f  p r o p e r t i e s  
o f  t h e  sy s tem  t o  be r e l a t e d  to  t h e  v a r i a b l e s .  The 
p r o p e r t i e s  i n c l u d e d  t o t a l  t h e r m a l  e f f i c i e n c y  and r a d i a t i o n  
e f f i c i e n c y  f o r  t h e  whole  t u b e ,  e x c e s s  a i r  and f lam e  
l e n g t h .  For  t h e  l o w e s t  l S n o f  t h e  t u b e  e q u a t i o n s  were  
d e r i v e d  r e l a t i n g  t o t a l  t h e r m a l  e f f i c i e n c y ,  r a d i a t i o n  
e f f i c i e n c y ,  t o t a l  h e a t  t r a n s f e r  r a t e  and r a d i a t i o n  h e a t  
t r a n s f e r  r a t e  t o  t h e  v a r i a b l e s .
-  11 -  
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Sym bols .
In  g e n e r a l  symbols  have  b e en  d e f i n e d  c l o s e  
to  t h e  e x p r e s s i o n s  i n  which th e y  a r e  u s e d .  The 
f o l l o w i n g  symbols  however  r e c u r  s e v e r a l  t im e s  
i n  t h e  r e g r e s s i o n  e q u a t i o n s  i n  S e c t i o n  '9:
Gr = Gas Volume R a t e ,  f t  3 / h r .
M -  Momentum F l u x ,  F . P . S .  u n i t s  p e r  s e c o n d .
2P -  Sound P r e s s u r e ,  d y n e s /c m  .
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1 I n t r o d u c t i o n .
I t  i s  w e l l  known t h a t  sound  can h av e  an e f f e c t  
on c e r t a i n  t y p e s  o f  lu m in o u s  f l tames. B r i e f l y ' t h e  
v i s i b l e  e f f e c t s  a r e  s h o r t e n i n g  and b r o a d e n i n g  of  
t h e  f l a m e ,  u s u a l l y  accom panied  by an i n c r e a s i n g  
t e n d e n c y  to  f l a r e .  This  t h e s i s  p r e s e n t s  t h e  
r e s u l t s  o f  an e x a m in a t io n  o f  t h e  c o r r e s p o n d i n g  
ch an ges  p ro d u c e d  i n  t h e  p a t t e r n  o f  h e a t  t r a n s f e r  
from a town gas d i f f u s i o n  f l a m e  t o  a v e r t i c a l  
w a t e r - c o o l e d  t u b e .
A f t e r  a s u r v e y  o f  t h e  l i t e r a t u r e  an a c c o u n t  i s  
g i v e n  o f  t h e  e x p l o r a t o r y  a t t e m p t s  to  u s e  s o n i c  
v i b r a t i o n s  to  i n f l u e n c e  t h e  p a t t e r n  o f  h e a t  r e l e a s e  
from t h e  f lam e  i n  a p i e c e  o f  c a l o r i m e t r y  and 
r a d i o m e t r y  a p p a r a t u s  a l r e a d y  a v a i l a b l e .  T h is  l e a d s  
to  a d i s c u s s i o n  o f  t h e  m o d i f i c a t i o n s  o f  t h e  o r i g i n a l  
a p p a r a t u s  which were t h o u g h t  n e c e s s a r y  t o  f o l l o w  up 
th e  p r o m is e  o f  t h e  e a r l i e r  work and o f  t h e  a c o u s t i c  
p r o b le m s  i n v o l v e d .  The f a c t o r s  i n f l u e n c i n g  th e  
d e s i g n  o f  t h e  main s e t  o f  e x p e r i m e n t s  i n  a f a c t o r i a l  
g ro u p  a r e  t h e n  p r e s e n t e d ,  f o l l o w e d  by, an a c c o u n t  o f  
a, d e t e r m i n a t i o n  and an i l l u s t r a t i o n  o f  how th e  
r e s u l t s  a r e  worked o u t .
The r e s u l t s  a r e  t h e n  t o p ©antebd , a n a l y s e d  and 
d i s c u s s e d .
2, L i t e r a t u r e  Surve y ,
No rec o rd s  have been d i s c o v e r e d  o f  e a r l i e r  
work d i r e c t l y  on t h i s  s u b j e c t  but t h e r e  i s  some 
r e l e v a n t  l i t e r a t u r e  on heat  t r a n s f e r  fro® f lam es  
to  v a r io u s  heat  r e c e i v e r s  and on t h e  e f f e c t s  o f  
v i b r a t i o n s  on a numbered! p r o c e s s e s  i n c l u d i n g  
combustion*
2 , 1 .  Heat T ra n s fe r  from F l a mes,
P i o n e e r i n g  s t u d i e s  i n  the  f i e l d  o f  h ea t  
t r a n s f e r  from f lam es  to  water c o o le d  tubes  i n  a 
segmented apparatus  were c a r r i e d  out  by Landmark^- ' 
and h i s  c o l l a b o r a t o r s .  They u sed  a water c o o le d  
fu r n a c e  ha v in g  s i x  compartments w i th  a t o t a l  water  
c o o le d  h e i g h t  o f  4 *6 6 0 m., an i n t e r n a l  d iam eter  o f  
8 0 0  mm. and a t o t a l  w a t e r - c o o l e d  h e a t i n g  s u r f a c e  
o f  I I . 6 5  m. T r i a l s  were c a r r i e d  out  w i th  o i l  f u e l  
and w i t h  p u l v e r i s e d  c o a l .  T o ta l  h ea t  t r a n s f e r  was 
measured i n  each-compartment by d e ter m in in g  th e  r a te  
o f  water  f l o w  and tem perature  r i s e ,  w h i l e  f lam e tem peratu  
tem perature  was measured w i t h  a Holborn-ICurlbaum 
o p t i c a l  pyrom eter .  The authors  e x p r e s s e d  some 
u n e a s i n e s s  about t h e  l a t t e r  measurements and t h e i r  
i n t e r p r e t a t i o n .  S e p a r a te  c a l c u l a t i o n s  were c a r r i e d
- 3 -
ou t  f o r  t h e  r a d i a t i o n  f r o  nr t h e  lu m in o u s  f l am e  
a,net f o r  t h e  g a s e s .  One o f  t h e  i m p o r t a n t  
c o n c l u s i o n s  o f  t h i s  s tu d y  was e t h a t  t h e  r a d i a t i o n  
ca n n o t  emanate  o n l y  from p r e - e x i s t e n t  f u e l  
p a r t i c l e s  bu t  must  a r i s e  f rom t h e  v e ry  s m a l l  c a rb o n  
p a r t i c l e s  formed by t h e  c r a c k i n g  o f  t h e  h y d r o ­
c a r b o n s ,
Lindmark fo u n d  t h a t  p u l v e r i s e d  c o a l  f l a m e s  
t r a n s f e r r e d  l e s s  o f  t h e  h e a t  c o n t e n t  o f  t h e  f u e l  by 
r a d i a t i o n  t h a t  o i l  f l a m e s ,  due  to  t h e  f a c t  t h a t  t h e  
a v e r a g e  s i z e  o f  t h e  r a d i a t i n g  p a r t i c l e s  i s  c o n s i d e r  
a b ly  l e s s  i n  t h e  o i l  f l a m e s .  Thus up to  30% o f  t h et
h e a t  v a l u e  of  t h e  f u e l  c o u ld  be u t i l i s e d  i n  t h e  
f i r s t  560 mm. o f  t h e  p a t h  o f  t h e  f l am e  i n  t h e  c a s e  
o f  f u e l  o i l ,  b u t  t h e  h i g h e s t  c o r r e s p o n d i n g  v a l u e  
w i t h  p u l v e r i s e d  c o a l  'was 24% T o t a l  e f f i c i e n c y  was 
66 to  6 7 . 5% i n t h e  c a s e  o f  p u l v e r i s e d  f u e l  and 
7 0 . 2% to  77.3% f ° r  ° i l  f u e l .
T h is  a p p a r a t u s  i s  s t i l l  i n  u s e  t o d a y  by t h e  
j o i n t  Fie,me R a d i a t i o n  Resea ,rch  Committee .
. American w o r k e r s  u s i n g  n a t u r a l  gas  w i t h  a 
c a l o r i f i c  v a l u e  o f  1120 B. t . u . / f t 3  to  h e a t  t u b e s  i n  
t e s t s  c a r r i e d  o u t  o n ly  w i t h  b o i l i n g  w a t e r  h av e  p u t  
f o r w a r d  t h e  f o l l o w i n g  r e l a t i o n s h i p .  They c la im e d .
th a t  i t  a p p l i e d  to  b la c k  i r o n  p i p e s  from t o  6 H 
i . d ,  and l e n g t h s  o f  4 -J-ft. t o  45 f t .  over  a range o f  
e f f i c i e n c i e s  from 6 0  to  8 5
2 i -E- = 20 Log. i f  + 71 
R
where E = Thermal e f f i c i e n c y ,  per  cen t
L «= E f f e c t i v e  l e n g t h  o f  tube' i n  f e e t  
R r  in p u t  r a t e  in  thousand b . t . u . / h r .
This  paper g i v e s  no i n f o r m a t i o n .o n  th e  
d i s t r i b u t i o n  o f  th e  h ea t  t r a n s f e r  but i n c lu d e s  
recommendations t o  d e s i g n e r s  on t h e  e f f e c t s  o f  
u s i n g  b a f f l e s ,  the  e f f e c t  o f  v a r y in g  s ta c k  h e i g h t  
and a form ula  f o r  a c o n s e r v a t i v e  r a t e  o f  h e a t  i n p u t .
I t  sh o u ld  be p o s s i b l e  to  employ in p u t  r a t e s  i n  B . t . u . /  
h r , / i n ^  o f  tube c r o s s - s e c t i o n a l  a r ea  equal  to
5 0 0 0 /5 0
In a c o m p le te ly  p r a c t i c a l  a r t i c l e  on immersion  
h e a t i n g ,  Buck^ has- t a b u l a t e d  t h e  e s s e n t i a l  e n g in e e r ­
in g  d a ta  f o r  c a l c u l a t i n g  s i z e  o f  h e a t i n g  c o i l  and 
burner i n p u t .  The f i g u r e s  are  c la im ed  to  be - 
supported  by ‘proven  f i e l d  r e s u l t s ’ and t o  be  
a p p l i c a b l e  f o r  p i c k l i n g ,  p l a t i n g  and r i n s i n g ,  s o l v e n t  
c l e a n i n g  and s i m i l a r  d u t i e s .  The t a b l e s  a l lo w  f o r  
r a d i a t i o n  and e v a p o r a t io n  l o s s e s  from th e  exposed  
s u r f a c e  o f  l i q u i d s ,  h ea t  l o s s e s  from tank w a l l s  and
and h e a t i n g  up t h e  t a n k  m a t e r i a l  b u t  t h e  paper:-, 
i n c l u d e s  no t h e o r e t i c a l  d i s c u s s i o n ,
5S a r j a n t  i n  h i s  n e l c n e t t  l e c t u r e  f o r  195^ 
r e v i e w e d  p r o g r e s s  i n  severe?,1 b r a n c h e s  o f  f u e l  
r e s e a r c h  i n c l u d i n g  a few n o t e s  on work i n  a 
co m b u s t io n  chamber o v e r  6* h i g h  and of  
d i a m e t e r ,  w e l l - e q u i p p e d  w i t h  r a d i o m e t e r s ,  
t h e r m o c o u p l e s ,  gas  p r o b e s  and s u c t i o n  p y r o m e t e r s  
t o  p e r m i t  s t u d i e s  a l o n g  r h e  l e n g t h  o f  t h e  f l a m e .
The p a p e r  a l s o  i n c l u d e d  r e f e r e n c e  t o  work u s i n g  an 
e i g h t  f o o t  l e n g t h  o f  3" d i a m e t e r  b o i l e r  smoke t u b e  
on h e a t  t r a n s i e r  from g a s e s  to. a s e c t i o n a l  w a te r
c a r b o n m e te r  c o i l  s u r r o u n d i n g  t h e  smoke t u b e .
6
Work by S a r j a n t  and Hammond i n  a m e c h a n i c a l l y  
c o a l  f i r e d  c o m b u s t io n  chamber o f  one s q u a r e  f o o t  
c r o s s - s e c t i o n a l  a r e a  and 6 c u b ic  f e e t  a,v a i l  a b l e  
c o m b u s t io n  sp a ce  w i t h  v e r y  f u l l  i n s t r u m e n t a t i o n ,  
l e d  to  t h e  c o n c l u s i o n  th au  o v e r  a wide r a n g e  o f  
e x c e s s  a i r  and co m b u s t io n  r?  t  e , f lam e  r s x L ia t io n  
a c c o u n t s  f o r  73 Jgo 86 p e r  c e n t  o f  t h e  t o t a l  h e a t  
t r a n s f e r ,  bed r a d i a t i o n  f o r '8  to  21 p e r  c e n t  and 
c o n v e c t i o n  f o r  4  t o  11 p e r  c e n t .  I t  s h o u l d  be 
n o t e d  however ,  chat  t h e  f u r n a c e  had a f i r e  b r i c k  w a l l  
w i t h  h o t  f a c e  w a l l  t e m p e r a t u r e s  r a n g i n g  f ro m  615% to
r- 0 -
1 390°0  w h i l e  f l a m e  t e m p e r a t u r e s  r a n g e d  f rom 690°0  
to  1460°C.
2
F o r  r a t e s  o f  co m b u s t io n  above  12 l b / f t .  h r .  
r e s u l t s  were fo u n d  t o  f i t  an e q u a t i o n  o f  t h e  g e n e r a l
form. ( 1 -m) 2 ,
S 1 -  %  Gf _______
Y 3^,
where  S = c o m b u s t io n  s p a c e  r e q u i r e d  
Q^ c= c o m b u s t io n  r a t e  
X ss p e r c e n t a g e  e x c e s s  a i r  
Kq, m and z h ave  d i f f e r e n t  v a l u e s  f o r  d i f f e r e n t  f u e l s .
An e q u a t i o n  was a l s o  d e v i s e d  f o r  t h e  h e a t  
a b s o r b e d  by t h e  w a l l s .
f T -» “7
Jfi- ~  _________ _„1________ -2*
g .4 R1 ’ ^ 0 Wf
0 .8 5
w
where  pPLr f r a c t i o n  o f  t o t a l  h e a t  t r a n s f e r r e d  t o
t h e  w a l l s .
K^= c o n s t a n t ,
R = a i r / f u e l  r a t e s .
co m b u s t io n  r a t e  l b / h r .
2
A a r e a  o f  w a l l s , ' f t  .
L a t e r ,  s i m i l a r  i n v e s t i g a t i o n s  were  r e p o r t e d  by 
7
S a r j a n t  and Smith* on a h o r i z o n t a l  c o n t i n u o u s  r e h e a t i n g  
f u r n a c e  w i t h  e x t e n s i v e  i n s t r u m e n t a t i o n .  Tile most
- - 7 “
i m p o r t a n t  c o n c l u s i o n s  were t h a t  s e c t i o n a l  
c a l c u l a t i o n s  a r e  r e q u i r e d ,  w i t h  p a r t i c u l a r -  
r e f e r e n c e  to  r a d i a n t ,  e f f e c t s  be tw een  s e c t i o n s .
For t h e s e  f u r n a c e s  t h e  r a d i a t i o n  from- t h e  f l am e  
a lo n e  c an n o t  be r e g a r d e d  as  an a d e q u a te  c r i t e r i o n  
o f  d e s i g n .
S t u d i e s  o f  t h e  h e a t  t r a n s f e r  from town g as
O
f l a m e s  were c a r r i e d ,  o u t  by S a l e h  u s i n g  a 2" 
d i a m e t e r  v e r t i c a l  w a t e r - c o o l e d  t u b e  b u i l t  up  
f rom s e p a r a t e  one f o o t  h i g h  i d e n t i c a l  c a l o r i m e t e r s  
u n i t s  t o  v a r i o u s  h e i g h t s .  The a p p a r a t u s  was a l s o  
f i t t e d  f o r  r a d i o m e t r y .  A f a c t o r i a l  g roup  o f  
e x p e r i m e n t s  was c a r r i e d  o u t  u s i n g  t h e  f o l l o w i n g  
v a r i a b l e s .
V a r i a b l e  U n i t  L e v e l s
Tube l e n g t h  F e e t  4 , 5  and 6
Gas p r e s s u r e  £ n .  w. g. y , 1 and. lk
J e t  d i a m e t e r  Xii. 0 . 1 4 4 , 0 . l o o  and.
0.189
S e p a r a t i o n  o f  j e h l n . -  1 and 4 .
from b a se  o f  tu b e
R e s u l t s  were  analysed ,  t o  d e t e r m i n e  t h e  
i n f l u e n c e  o f  t h e s e  v a r i a b l e s  on e a r  o n t r a i n m o n t ,
- 8 -
l e n g t h  o f  v i s i b l e  f l a m e ,  t o t a l  h e a t  t r a n s f e r ,  
t o t a l  e f f i c i e n c y ,  f l a m e  t e m p e r a t u r e ,  f l a m e  
e m i s s i v i t y ,  h e a t  t r a n s f e r  by r a d i a t i o n  and h e a t  
t r a n s f e r  by c o n v e c t i o n .  .Where a p p r o p r i a t e  r e s u l t s  
were a n a l y s e d  by c a l o r i m e t e r .
For t h e  t o t a l  e f f i c i e n c y ,  p e r  c e n t ,  S a l e h  
d e r i v e d  t h i s  e q u a t i o n
T o t a l  e f f i c i e n c y , p e r  c en t  = , 4 .
6 . 54L -t 23P + ( -328OJ -  139?  1 2 2 9 )J
T 0 . 3 4 S  ~ 9 2
where L i s  l e n g t h  o f  t u b e ,  i n  f e e t
P i s  gas p r e s s u r e ,  i n  i n c h e s  w.g .
J  i s  j e t  d i a m e t e r ,  i n  i n c h e s  .
S i s  s e p a r a t i o n ,  i n  i n c h e s .
The r a d i a n t  e f f i c i e n c y  p e r  c e n t  o f  h e a t  i n p u t
ho
was g iv e n  as  R a d i a n t  E f f i c i e n c y ,  p e r  c e n t  ~
-10.7&I r  23P T (1520 - - 140P -  4920J  -t 1 8 s ) J  
- 3S - 6 9
where t h e  symbols  have  t h e  same meaning a s  b e f o r e .
S p e c i a l  a t t e n t i o n  was drawn to  t h e  f i n d i n g  t h a t  
lu m in o u s  r a d i a t i o n  from t h e  f l a m e  had p r o v e d  t o  be 
o f  g r e a t  im p o r t a n c e  r a n g i n g  be tw een  I p  and p e r  
c e n t  o f  t h e  h e a t  i n p u t .
T h is  i n v e s t i g a t i o n  was t h e  p r e c u r s o r  o f  t h a t  
d e s c r i b e d  i n  t h i s  t h e s i s .
For c o a l  f i r e d  s team  b o i l e r s ,  Gunny gave 
t h e  f o l l o w i n g  r e g r e s s i o n  e q u a t i o n  d e r i v e d  from 
work a t  t h e  F u e l  R e s e a r c h  S t a t i o n  on L a n c a s h i r e
b o i l e r s  and a t  B.C.U.K.A. on L a n c a s h i r e  and
Economic b o i l e r s .  6,.
Lc, = 4. 7 + 0.115 L t  0 .0393 1- 0 .16 L. Ej
- 0 . 100 ' ■ 104
where Lg i s  d r y  gas  l o s s  e x p r e s s e d  a s  a 
p e r c e n t a g e  o f  t h e  g r o s s  h e a t  s u p p l i e d
L i s  t h e  r a t e  o f  h e a t  t r a n s f e r  i n  B . t . u .
2p e r  f t .  o o i l e r  h e a t i n g  s u r f a c e .
E i s  t h e  p e r c e n t a g e  e x c e s s  a i r  above t h a t  
t h e o r e t i c a l l y  r e q u i r e d ,  uunn c o n c lu d e d  t h a t  th e  
most i m p o r t a n t  f a c t o r s  i n  d e t e r m i n i n g  e f f i c i e n c y  a r e  N 
o p e r a t i o n a l  namely  t h e  r a t e  o f  h e a t  t r a n s f e r  and t h e t 
e x c e s s  a i r .  'V a r i a t i o n s  c a u s e d  by d i f f e r e n c e  i n  
d e s i g n  a r e  s m a l l  enough to  make i t  c o n v e n i e n t  to 
r e p r e s e n t  b o t h  b o i l e r s  a p p r o x i m a t e l y  by one e q u a t i o n .
A f u r t h e r  e q u a t i o n  was a l s o  p u t  f o r w a r d ,
7.
,b o i l e r  e f f i c i e n c y  (by d i f f e r e n c e )  p e r  c e n t  ~
8 5 .8  -  O.OG139L -  G.0531E -  0.GG0014LE
/ T h i s  f o r m u la  .was s u b j e c t  t o  t h e  f o l l o w i n g ’- 1 
l i m i t a t  i o n s :  -
( i )  Loss  due to  l a t e n t  h e a t  o f  w a te r  v a p o u r  s h o u ld  
be w i t h i n  t h e  r a n g e  4  t o  6 p e r  c e n t .  -
- 1 0 -
( i i )  L o s s e s  from t h e  b o i l e r  s u r f a c e  s h o u l d  amount to  
1 o r  t£ n  p e r  c e n t  a t  f u l l  l o a d .
( i i i )  The t o t a l  l o s s  due t o  u n b u r n t  f u e l  s h o u ld  be 
a b o u t  2 p e r  c e n t .
A s e r i e s  o f  r e p o r t s  h a s  appear.ed on t h e  work 
o f  t h e  Flame R a d i a t i o n  R e s e a r c h  J o i n t  Committee ,  
an i n t e r n a t i o n a l  body which o p e r a t e s  a p i l o t - s c a l e  
f u r n a c e  -at I j m u i d e n ,  H o l l a n d  and a l s o  t h e  a p p a r a t u s  
c o n s t r u c t e d  by L indm ark  ( q u o t e d  e a r l i e r ) .  T h e i r  
main o b j e c t  i s  t o  e s t a b l i s h  t h e  c o n d i t i o n s  which  
g i v e  r i s e  to  maximum e m i s s i v i t y  and r a d i a t i o n  
f rom lu m in o u s  and n o n - lu m in o u s  f l am es  u s i n 0 a wide 
r a n g e  o f  f u e l s .  I n  t h e  l a s t  r e p o r t ,  t h e .  Committee 
c la im e d  t h a t  t h e  r e s u l t s  o f  t h e i r  t r i a l s  had  
a l r e a d y  been  a p p l i e d  w i t h  a d v a n t a g e  i n  t h e  g l a s s  
and s t e e l - m a k i n g  i n d u s t r i e s .
I n  t h e  f i r s t  g r o u p  o f  ohesn r e p o r t s  f i t  wae 
e x p l a i n e d  t h a t  ae ro d y n am ic  p r o c e s s e s  a r e  v i t a l  t o  
t h e  c o u r s e  o f  c o m b u s t io n  and i t  i s  i m p o s s i b l e  to  
meet t h i s  c r i t e r i o n  t o g e t h e r  w i t h  o t h e r  s i m i l a r i t y  
c r i t e r i a  u n l e s s  t h e  e x p e r i m e n t a l  f l am e  i s  o f  a s i z e  
co m p arab le  w i t h  t h a t  n i  a f u l l - s c a l e  f u r n a c e .  The 
Committee t h e r e f o r e ,  d e c i d e d  on an e x p e r i m e n t a l  
f l a m e  o f  d i a m e t e r  3 f t .  and l e n g t h  I f  f t .  i n  a
-1 1 -
f u r n a c e  ox d i m e n s i o n s  such t h a t  t h e  c r o s s - s e c t i o n  
o f  t h e  f l a m e  a t  i t s  l a r g e s t  d i a m e t e r  was h a l f  to  
t h r e e  q u a r t e r s  t h a t  o f  t h e  f u r n a c e .  The p e r f o r m a n c e  
t r i a l s  were s t a t i s t i c a l l y  p l a n n e d  to  i n c l u d e  
v a r i  a t  i o n  i n  f u e l , f u e l . i n p u t  r  a t  e , a to  mi s i n g  a g e n t , 
q u a n t i t y  o f  a t o m i s i n g  a g e n t  and q u a n t i t y  o f  e x c e s s  
a i r ;  s p e c i a l  a t t e n t i o n  was p a i d  t o  t h e . d e v e l o p m e n t  
o f  i n s t r u m e n t s .
The second  g roup  gave a d e t a i l e d  a n a l y s i s  o f
11t h e  r e s u l t s  h u t  T h r in g  p i c k e d  o u t  as  t h e  most 
i m p o r t a n t  c o n seq u e n ce  t h a t  p r e c i s e  knowledge  had  
been  s u p p l i e d  o f  t h e  way i n  which  j e t  momentum 
c o n t r o l s  f lam e  l e n g t h  i n  t h e  f u r n a c e .  I t  was 
l a r g e l y  f o r  t h i s  r e a s o n  t h a t  momentum was chosen  
as  a v a r i a b l e  i n  t h e  programme d i s c u s s e d  i n  t h i s  
t h e s i s .  T h r in g  a l s o  r e f e r r e d  t o  t h e  wav i n  which 
m ix ing  r a t e  a f f e c t s  e m i s s i v i t y .  vvhen a, f l a m e  w i t h  
c o ld  a i r  i s  s h o r t e n e d  i t s  e m i s s i v i t y  i s  l o w e re d  
more r a p i d l y  and t h e  t a i l  r a d i a t i o n  r e d u c e d .
O th e r  w o rk e rs  n o t e d  t h a t  t h e  r e d u c t i o n  i n  f l am e  
r a d i a i t i o n  p r o d u c e d  by i n c r e a s e  o f j e t  momentum 
i s  l i n k e d  w i t h  a r e d u c t i o n  i n  f l a m e  e m i s s i v i t y .  
T h e re  was c o r r e s p o n d i n g l y  a s p e c i a l  s t u d y  on th e  
e f f i c i e n c y  o f  momentum p r o d u c t i o n  by. f l u i d -  
a t o m i s i n g  b u r n e r s  and d i r e c t  m easu rem en ts  were made
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of  b u r n e r  t h r u s t  by b a l a n c i n g  a g a i n s t  w e i g h t s .
12The most r e c e n t  p u o l i s h e d  r e p o r t s  were 
c o n c e rn e d  w i th  work d e s i g n e d  to  f i n d  t h e  optimum .-m;- 
c o n d i t i o n s  o f  making coke oven gas  f l a m e s  lu m ino u s  
w i th  sm a l l  a u d i t i o n s  o f  heavy  f u e l  o i l  and o f  
c r e o s o t e - p i t c h ,  o r  by o t h e r  means such as  
p r e h e a t i n g  t h e  gas  o r  p r e l i m i n a r y  p a r t i a l  com b u s t io n
H ea t  t r a n s f e r  i n  a h o r i z o n t a l  g a s - f i r e d  3"
d i a m e t e r  w a t e r - c o o l e d  t u b e  was i n v e s t i g a t e d  by 
13Ashton who c h o se  as  h i s  v a r i a b l e s  p r i m a r y  a i r  
to  ‘gas  r a t i o  , e x c e s s  a i r ,  t u b e  l e n g t h  and b u r n e r  
c h a r a c t e r i s t i c s .  For  n o n - a e r a t e d  f l a m e s  t h e s e  
c h a r a c t e r i s t i c s  were  b u r n e r  j e t .  d i a m e t e r  and gas 
p r e s s u r e ;  f o r  a e r a t e d  f l a m e s ,  t h e y  were  b u r n e r  
tu b e  d i a m e t e r  and t h e  v e l o c i t y  o f  t h e  g a s / p r i m a r v  
a i r  m i x t u r e .  I n  a d d i t i o n  the. e f f e c t  o f  h e a t  i n p u t  
was i n v e s t i g a t e d  a s  a s e c o n d a r y  v a r i a b l e .
The e f f e c t s  were  s t u d i e d  on t h e  t o t a l  and 
r a d i a t i o n  h e a t  t r a n s f e r  to  t h e  whole t u b e ,  h e a t  
t r a n s f e r  t o  e v e r y  f o o t  l e n g t h  o f  t h e  t u b e  and 
l e n g t h  o f  v i s i b l e  f l a m e .  A sh to n  found  t h a t  t h e  
e f f e c t  o f  a l t e r i n g  h e a t  i n p u t  was s t a t i s t i c a l l y  
h i g h l y  s i g n i f i c a n t  b u t  t h e  p r i m a r y  v a r i a b l e s  
chosen  se ldom had a s i g n i f i c a n t  e f f e c t  upon  t h e  
sy s te m  o v e r  and above  t h e  e f f e c t  r e s u l t i n g  from
- 13“
t h e  accompanying change  i n  h e a t  i n p u t ,  
i  dm c l r c e ' s p e c t i v e h o f  t $ h e  t y p e l o f  e f la j i e r a n d b th e c i 1 
b u r n e r  c h a r a c t e r i s t i c s ,  t o t a l  t h e r m a l  e f f i c i e n c y  
was found  to  be e x p r e s s e d  by t h e  e q u a t i o n  Thermal 
E f f i c i e n c y ,  p e r  c e n t  -  8 8 -52  Log R-+ 73 hog  L-0.1QE 
where R = H ea t  i n p u t  i n  t h o u s a n d  B . t . u . / h r .
L =: Tube l e n g t h  i n  f e e t ,
E = E xcess  a i r  p e r  c e n t ,
2 . 2 .  E f f e c t s  o f  V ib r a t i o n s .
There  i s  an e x t e n s i v e  l i t e r a t u r e  on t h e
f
i n f l u e n c e  o f  v i b r a t i o n s  on many p r o c e s s e s  b u t  the.
summary below i s  m a in ly  r e s t r i c t e d  to  t h e  - ..--de
f i e l d s  o f  s p e c i a l  r e l e v a n c e  t o  t h i s  i n v e s t i g a t i o n .
These  a r e  t h e  e f f e c t s  on f l a m e s  -  i n c l u d i n g  th e
e f f e c t s  o f  s e l f - g e n e r a t e d  v i b r a t i o n s  -  and t h o s e
on h e a t  t r a n s f e r  p r o c e s s e s .
2 , 2 . 1 ,  E f f e c t s  o f  V i b r a t i o n s on F l a m e s .
The e f f e c t  o f  sound on f l a m e s  i s  s a i d  by 
14food  to  have  been a c c i d e n t a l l y  d i s c o v e r e d  by 
L e c o n te  and s u b s e q u e n t l y  i n v e s t i g a t e d  by T y n d a l l  
and by Rq^dred^dd Many w o rk e r s  h av e  found  t h a t  t h e  
e x i s t e n c e  o f  a f l a m e  i s  n o t  n e c e s s a r y  s i n c e  i t  i s  
t h e  s t r e a m  o f  f l u i d - * • io£ id iq u id ~  vjtfMcIi.&s
s e n s i t i v e .  T l a i j j i e r :  prjsdtmlna r y . .aDcp.srdmexit'd: w i th
F I G .  I
F i g . l T r a c in g  o f  v o r t i c e s  shown in  photograph o f  f l u i d  stream d i s tu r b e d
by sound .  ( a f t e r  Brown)
~ 14-
f l a m e s ,  B r o w n ^ u s e d  a i r  l a d e n  w i t h  c i g a r e t t e  
smoke i n  o r d e r  to  e n a b l e  him t o  examine t h e  e f f e c t s  
more c l e a r l y .  A s l i t  t y p e  o f  j e t  was u s e d  to  g iv e  
•a b r o a d  s t r e a m  o f  n e g l i g i b l e  t h i c k n e s s .  U s in g  t h e  
f l a m e ,  s t r o b o s c o p i c  e x a m in a t io n  showed t h e  e f f e c t  
o f  sound to  be t h e  f o r m a t i o n  o f  s y m m e t r i c a l  b u l g e s  
t r a v e l l i n g  up  t h e  f l a m e ;  u s i n g  t h e  s l i t  j e t  and t h e  
sm ok e - la d en  a i r  s t r e a m  s t r o b o s c o p i c  e x a m i n a t i o n  and 
h ig h  speed  p h o to g r a p h y  showed t h i s  to  h a v e  an i n n e r  
s t r u c t u r e  c o n s i s t i n g  o f  v o r t i c e s .  A t r a c i n g  o f  one 
o f  Brown1s p h o t o g r a p h s  i s  shown as  F i g .  1 .
The d i s t u r b a n c e  to  t h e  f l a m e  by sound was n o t e d  
to  be d i f f e r e n t  from t h a t  p r o d u c e d  by i n c r e a s i n g  t h e  
gas  v e l o c i t y .  The l a t t e r  was more e r r a t i c .  The 
r e g u l a r  p e r i o d i c  v o r t i c e s  p r o d u c e d  by sound were 
s e p a r a t e d  by a d i s t a n c e  d from each  o t h e r  on t h e  same 
s i d e  o f  t h e  s t r e a m  d e f i n e d  by t h e  s im p le  r e l a t i o n s h i p
f d  ~ u '
where f  i s  t h e  f r e q u e n c y
u i s  t h e  v e l o c i t y  o f  t h e  v o r t i c e s .
S e n s i t i v i t y  was found  to  o c c u r  o n ly  a t  t h e  j e t .
Maximum p r o d u c t i o n  o f  v o r t i c e s  o c c u r r e d  when t h e  
l o u d  s p e a k e r  was d i r e c t e d  h o r i z o n t a l l y  a c r o s s  t h e  g as  
s t r e a rn .  T here  was no e f f e c t  when, t h e  s p e a k e r  was 
d i r e c t e d  downwards. These  r e s u l t s  a r e  a t  v a r i a n c e
~15~
w i th  t h o s e  o b t a i n e d  .in th e  p r e s e n t  i n v e s t i g a t i o n
but  i t  i s  p r o b a b l e  t h a t  t h e  sound i n t e n s i t i e s
u s e d  by Brown -  which  a r e  n o t  d e f i n e d  -  were  l o w e r .
Brown u s e d  a s e p a r a t e  s p e a k e r  and h i s  o s c i l l a t o r  and
a m p l i f i e r  were b u i l t  t o  g i v e  a c o n s t a n t  e n e rg y
o u t p u t  o f  a b o u t  h a l f  a, w a t t ,
16Andrade l a t e r  r e p o r t e d  some f u r th - e r  work 
i n c l u d i n g  s t u d i e s  o f  t h e  f u n d a m e n ta l  t h e o r y  by 
u s e  o f  a ”h y d r o - m a g n e t i c  a n a l o g y nt o  t h e  v o r t e x  
s h e e t s  p ro d u c e d  i n  t h e  g as  s t r e a m .  T h is  was 
based  on t h e  c o n c e p t  t h a t  t h e  d i s t r i b u t i o n  o f  
m a g n e t ic  f o r c e  ro u n d  a l i n e  c u r r e n t  i s  s i m i l a r  
to  t h e  d i s t r i b u t i o n  o f  v e l o c i t y  round  a l i n e  v o r t e x .  
For an a c t u a l  l i q u i d  j e t  Andrade  r e p o r t e d  t h a t  t h e r e  
were  5 4 . p e a k  f r e q u e n c i e s  o f  maximum e f f e c t  from 1 . 4  
to  I I 65 c . p . s .  T h is  b r o a d l y . a g r e e s  w i t h  t h e  f i n d i n g s  
i n  t h e  c u r r e n t  i n v e s t i g a t i o n  t h a t  t h e r e  a r e  a l a r g e  
number o f  f r e q u e n c i e s  t h a t  p r o d u c e  a maximum e f f e c t  
and t h a t  t h e s e  r a n g e  down to  low  f r e q u e n c i e s  *- 
. c e r t a i n l y  down to  100 c . p . s .  The phenomenon i s  n o t  
r e s t r i c t e d  t o  h i g h e r  f r e q u e n c i e s  as  i s  
s u g g e s t e d .
A s e r i e s  o f  p a p e r s  on s e n s i t i v e  f l a m e s  h a s  b een  
p u b l i s h e d ' . b y  Z i c k e n d r a h t .  One which  a p p e a r e d  i n  1941
17
i n c l u d e d  a u s e f u l  summary o f  e a r l i e r  work.
~ l6 ~
Z i c k e n d r a h t ,  . a l s o ,  u s e d  a s l i t  j e t  and d i r e c t e d  
sound p e r p e n d i c u l a r l y  t o  t h e  main p l a n e  o f  a 
f l a m e .  He f o u n d ; !
( i )  t h e  sound s e n s i t i v e  r e g i o n  i s  v e r y  c l o s e  
to .  t h e  j e t .
( i i )  i t  i s  n o t  e s s e n t i a l  f o r  t h e  f l a m e  to  be 
on t h e  boundary  be tw een  lamina® and 
t u r b u l e n t  f lo w .
( i i i )  a c o u s t i c  r e c t i f i e r  e f f e c t s  and s e l f ­
p r o d u c t i o n  o f  v i b r a t i o n s  o c c u r s  so t h a t
1 ■ • ■-• . -  n t h i  abit&lhfectn a m p l i f i e r .
( i v )  The f l a m e  c o u ld  a l s o  be e x c i t e d  by 
a l t e r n a t i n g  e l e c t r i c a l  f i e l d s .
T h e re  i s  a d e t a i l e d  d i s c u s s i o n  o f  t h e  mechanism
o f  t h e  v o r i § £  f o r m a t i o n ,  i n v o l v i n g  r e d u c e d  p r e s s u r e
on t h e  v o r t e x  a x i s  a s  a r e s u l t  o f  which g a s  i s  drawn
i n  and t h e  'B j e r k n e s  f o r c e s '  -  a t t r a c t i v e  f o r c e s
b e tw ee n  t h e  c o r e s  o f  t h e  v o r t i c e s  d u r i n g  t h e  p u l s a t i o n s
T h is  p a p e r  has  t h e  a d v a n t a g e  o f  q i o t i n g  l o u d n e s s
o f  a p p l i e d - s o u n d  (up t o  100 p h o n $  o v e r  t h e  no rm al
t h r e s h o l d  v a l u e  o f  0 .0 0 0 2  d,ynes'.:/cm ) and t h e
c o r r e s p o n d i n g  d i r e c t  sound p r e s s u r e  w hich  went up  to  
2
20 dryjieaj/cm . These  a r e  o f  a much l o w e r  o r d e r  t h a n
t h o s e  employed i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  
jL SHahnemann and c o l l a b o r a t o r s  have  i n v e s t i g a t e d
- 1 7 -
t h e  e f f e c t s  o f  p o w e r f u l  sounds  on s t a t i o n a r y  p r o p a n e  
-  a i r  f l a m e s  — where  th e y  fo u n d  a s l i g h t  i n c r e a s e
19 ^i n  f l am e  speed  -  and on p r o g r e s s i v e  f l a m e s  , to
s i m u l a t e  c o n d i t i o n s  i n  I.C* e n g i n e s .  . I n  t h e  l a t t e r
c a se  f l a m e  speed  was r e d u c e d .  They n o t e d  c o n s i d e r a b l e
changes  i n  t h e  s l o p e  o f  t h e  f l a m e  f r o n t  and a t  h i g h
sound  i n t e n s i t i e s  t h e  f lam e  c o u ld  be e x t i n g u i s h e d .
The d ev e lo p m e n t  o f  t h e  gas  and r o c k e t  e n g in e s
has  l e d  i n t o m u l ! a  t o  a g ro u p  o f  American  r e s e a r c h e s
s p o n s o r e d  by t h e  Armed S e r v i c e s  on t h e  e f f e c t  o f
sound o r  e l e c t r i c  f i e l d s  on f l a m e s .  T hese  have
i n c l u d e d  fu n d a m e n ta l  s t u d i e s  o f  t h e  e f f e c t  on t h e
c o m b u s t io n  p r o c e s s  b u t  s p e c i a l  a t t e n t i o n  h a s
n a t u r a l l y  been p a i d  to  a l t e r a t i o n s  i n  t h e  s t a b i l i t y
l i m i t s  -  b o th  f o r  f l a s h b a c k  and b l o w - o f f  -  b u r n i n g
v e l o c i t y  and f l o w - v e l o c i t y  p r o f i l e s ,  Examples  a r e
20p a p e r s  by P o l a n y i  and M a r k s t e i n  on b u n se n  f l a m e s
21u s i n g  t e c h n i c a l  p r o p a n e ,  Losneek  e t  a l  who a l s o
22worked w i t h  p r o p a n e  f l a m e s  and Truman 'who 
p r e s e n t e d  a s h o r t  t h e o r e t i c a l  n o t e  on t h e  d i s t o r t i o n  
o f  wave shap e  o f  i n t e n s e . s o u n d  waves a p p e n d in g  
e i g h t e e n  r e f e r e n c e s .  T here  was a l s o  a s h o r t  n o t e  on 
c o m b u s t io n  i n  t h e  s y m p o s iu m ^  f u r t h e r  d i s c u s s e d  below*
-l8~
Tho ’ s i n g i n g  f lame,’ ha s  a l s o  r e c e i v e d  a t t e n t i o n .
This  i s  a f lam e  which  e m i t s  a s e l f - g e n e r a t e d  n o t e
r e l a t e d  t o  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  t u b e  i n t o
23
which i t  i s  f i r i n g ,  R i c h a r d s o n  has  d e s c r i b e d  an
e x p e r i m e n t a l  s t u d y  t o  examine t h e  v a r i o u s  t h e o r i e s
o f  t h i s  e f f e c t ,  R a y l e i g h ’ s t h e o r y  i s  q u o te d  as
s u g g e s t i n g  t h a t  t h e r e  s h o u ld  be s t a t i o n a r y  waves i n
t h e  g as  t u b e .  The l a t t e r  must be o f  such  a l e n g t h
i n  such  a p o s i t i o n  t h a t  a c o n d e n s a t i o n  a t  t h e  j e t
w i l l  t r a v e l  a lo n g  t h e  tu b e  and back  a g a i n  so as  to
a r r i v e  a t  t h e  j e t  i n  p h a s e  w i t h  a R c o n d e n s a t i o n  i n
t h e  a i r ' t u b e .  Thtts h e a t  must be  g i v e n  t o  t h e  a i r
i n  t h e  q u a r t e r  p e r i o d  p r e c e d i n g  a c o n d e n s a t i o n .
Modern d e v e lo p m e n t s  i n  s e l f - g e n e r a t e d  f l a m e  v i b r a t i o n s
h a v e , l e d  to  r e s e a r c h  on p u l s a t i n g  c o m b u s t io n  which i s
aimed a t  i n c r e a s i n g  t h e  t h e r m a l  e f f i c i e n c y  and t h e
r a t e  o f  c o m b u s t io n  o f  f u e l  i n  v a r i o u s  t 3rpos o f
f u r n a c e s  o r  e n g i n e s ,  R e yn s t  f o r  example  h a s  p u b l i s h e d
24a s e r i e s  o f  s t u d i e s  on p u l v e r i s e d  c o a l ,  t h e  c y c l o n e  - 
b u r n e r ,  e n g in e  p ro  cess ,es  and gas. t u r b i n e s  d e a l i n g  w i t h  
t h e  g e n e r a t i o n  o f  t h e ' v i b r a t i o n s , t h e  p h y s i c o - c h e m i c a l  
e f f e c t s ,  and t h e  i n f l u e n c e  on t h e r m a l  e f f i c i e n c y .
S e v e r a l  p a p e r s  by Putnam and D enn is  have  a l s o  
a p p e a r e d .  I t  i s  p r o b a b l y  most u s e f u l  t o  r e f e r  to  t h e i r
25
su rv e y  i n  195^ where  t h e y  p o i n t  ou t  t h a t  o r g a n - p i p e
-19-
o s c i l l a t i o n s  a r e  t h e  most common t y p e  o f  s e l f -  
g e n e r a t e d  o s c i l l a t i o n s .  They a r e  c h a r a c t e r i z e d  by 
t h e  f a c t  t h a t  t h e  w a v e le n g th  i s  r e l a t e d  t o  t h e  l o n g  
d im e n s i o n  of  t h e  c o m b us t ion  chamber .  The su rv e y  
a l s o  d i s c u s s e s  g a u ze  t o n e s ,  r e f r a c t o r y  t u b e  b u r n e r s  
and rant"- j e t  t y p e  com bustor  s .  jfor t h e  optimum d e s i g n  
o f  b u r n e r s  i n t e n d e d  to  u s e  t h i s  e f f e c t  t h e  f u n d a m e n ta l  
a s s u m p t io n  must be t o  c r e a t e  an o s c i l l a t i n g  component  
o f  t h e  r a t e  o f  h e a t  r e l e a s e  i n  p h a se  w i t h  t h e  
o s c i l l a t i n g  component o f  t h e  p r e s s u r e ,  as  f i r s t  
s u g g e s t e d  by R a y l e i g h .
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A p a p e r  by F r a s e r  on h i g h  i n t e n s i t y  c o m b u s t io n  
r e f e r s  e x p l i c i t l y  o n ly  to  one o f  a g ro u p  o f  n i n e  
d e s i g n s  o f  equ ipm en t  f o r  t h i s  p u r p o s e  as  l e a d i n g ,  
t o  v i b r a t o r y  c o m b u s t io n  w i t h  h e a t  r e l e a s e  r a t e s  up  
t o  100 m i l l i o n  B . t . u . / f t . h r .  b u t  i t  a p p e a r s  p o s s i b l e  
t h a t  i t  o c c u r s  i n  some o f . t h e  o t h e r  d e s i g n s .  I n  a 
p r i v a t e  com m u n ica t io n  to  t h e  a u t h o r ,  M. Z e d e t ,  
p r e s i d e n t  o f  t h e  C e n t r e  d * E tu d e s  e t  do K e e n e r c h e s  
p o u r  l e s  A p p l i c a t i o n s  I n d u s t r i e l l e s  d e s  U l t r a s o n s ,
. h a s  c o n f i r m e d  t h a t  t h e y  a r e  i n v e s t i g a t i n g  t h e  
u s e  o f  u l t r a s o n i c s  t o  improve co m b u s t io n  b u t  g i v e s  
no f u r t h e r  d e t a i l s .  ■ '
2 , 2 . 2 . g £ fa of...ott,li\3uefldttoa B on He a t  Transfer:-
When v i b r a t i o n s  a r e  imposed on a moving f l u i d  
i t  would  be r e a s o n a b l e  t o  e x p e c t  a change  i n  i t s
h e a t  t r a n s f e r  p r o p e r t i e s  b e c a u s e  o f  t h e  e f f e c t s
on t h e  boundary  l a y e r  and h e n c e  on t h e  t h e r m a l
27r e s i s t a n c e .  F o r  l a m i n a r  f lo w  Sex l  h a s  c o n f i rm e d  
th e  f i n d i n g s  o f  R i c h a r d s o n ,  T y l e r  and C a r r i e r e ,  
whom he  q u o t e s ,  t h a t  a m p l i t u d e  o f  v i b r a t i o n  r i s e s  
t o  a  maximum i n  a l a y e r  n e a r  t h e  .w e l l  -  n o t  i n  t h e  
c e n t r e  o f  t h e  t u b e  -  t h e n  s i n k s  to  z e ro  r a p i d l y  a t  
t h e  w a l l .  The f r e q u e n c y  r a n g e d  o n l y . f r o m  5 to  25 
c . p . s .
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R ubansk i  c a r r i e d  o u t  t e s t s  i n  a wind t u n n e l -  
d m lb r a s s  t u b e s  o f  1 . 5  c.m. d i a m e t e r  a t  Re a bou t  
1500 and 2 . 4  c .m. d i a m e t e r  a t  Re 25OO t h e  t u b e  b e i n g  
p e r p e n d i c u l a r  t o  t h e  a i r  f l o w .  U s in g  sound wav ear w i t h  
mean v i b r a t i o n  v e l o c i t i e s  e x c e e d i n g  t h e  v e l o c i t y  o f  
a i r  f lo w ,  i t  was p o s s i b l e  to  i n c r e a s e  t h e  h e a t  
t r a n s f e r  c o - e f f i c i e n t  by up  to  50
29
S i m i l a r l y  West and T a y l o r  w o rk in g  i n  t u r b u l e n t  
f lo w  a t  Re 3.0,000 t o  8 5 ,0 0 0  h e a t i n g  w a t e r  w i t h  s te a m  
i n  a h e a t  exchange  t u b e  i n c r e a s e d  th e  w a t e r  f i l m  
c o e f f i c i e n t  by as  much as  60 t o  70% by t h e  u s e  of 
p a r t i a l l y  hampered  p u l s a t i n g  f lo w  from a r e c i p r o c a t i n g  
pump. T here  a p p e a r e d  t o  be  an optimum d e g r e e  o f  
dam paxing  s i n c e  s e v e r e  p u l s a t i o n s  were n o t  as
N
e f f i c i e n t  as  m o d e ra te  o n e s .  An i n c r e a s e  o f  no more
- 21-
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t h a n  30 p e r  c e n t  i n  t h e  n e t  power c o nsu m pt io n  was 
found a f t e r  s u b t r a c t i n g  t h e  n o - l o a d  l o s s e s  o f  t h e '  
pump and motor;  However, t h e s e  a u t h o r s  n o t e d  t h a t  
o t h e r  w o rk e r s  had  found no improvement  i n  par a l l  e l  
i n v e s t i g a t i o n s  a t  Re o f  26 t o  1 3 7 5 .
& h e a t  exchanged d e s i g n e d  to  p r o d u c e  p u l s a t i o n s
i n  a c o n t in u o u s '  f lo w  o f  g a s ,  p u r e l y  due to  t h e
shape  o f  th e  t u b e s ,  was d e s c r i b e d  by B e n o i t ^  who
c la im e d  t h a t  i t  e l i m i n a t e d  dead  s p a c e ,  improved.
h e a t  exchang e ,  a/nd r e d u c e d  d e p o s i t s  on t u b e s .
A l th o u g h  t h e  n o t e  o f  t h i s  i n v e n t i o n  i n c l u d e d
s k e t c h e s  o f  t h e  d e s i g n  .no d i m e n s i o n s  were  g iven '  n o r
any f i r m  d a t a  o f  h e a t  e x c h a n g e .
31Havemann a f t e r  commenting t h a t  e x p e r i m e n t a l  
i n f o r m a t i o n  i s  meagre  end. o f t e n  c o n f l i c t i n g  on t h e  
e f f e c t  on h e a t  t r a n s f e r  r e p o r t  eel t h a t  he  was s t a r t i n g  
work on a 1" i . d .  p i p e  c a r r y i n g  a i r  a t  R e y n o ld s  
numbers  o f  5 ,0 0 0  t o  3 5 , 0 0 0 , p u l s a t e d  .a t  f r e q u e n c i e s  
o f  5 t o  53 c . p . s .  It -  a p p e a r e d  l i k e l y  t h a t  t h e  
s t e e p n e s s  o f  t h e  wave as w e l l  as  t h e  m ag n i tu d e  o f  
t h e  p r e s s u r e  a m p l i t u d e  p l a y e d  an i m p o r t a n t  p a r t  i n  - 
t h e  mechanism o f  f o r c e d  c o n v e c t i v e  h e a t  t r a n s f e r .
More p o s i t i v e  r e s u l t s  were  r e p o r te d ,  by t h e  seme 
32a u t h o r  on r a p i d l y  compressed, g a s e s .  He foun d  t h a t
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p r o p a n e - a i r  m i x t u r e s  a f t e r  c o m p r e s s io n  were  
o s c i l l a t i n g '  w i t h  c o n s i d e r a b l e  p r e s s u r e  a m p l i t u d e s .
In  t h i s  s t a t e ,  t h e  h e a t  t r a n s f e r  and t h e  f l a m e  
v e l o c i t y  on i g n i t i n g  were much g r e a t e r  t h a n  f o r  t h e  
g a s s e s  a t  r e s t .
The g e n e r a l l y  i n c r e a s e d  i n t e r e s t  i n  a p p l y i n g  
v i b r a t i o n s  f o r  p h y s i c a l  o r  c h e m ic a l  p u r p o s e s  was 
shown i n  a  s v mp osium o r g  a n i s e  d by t  h,e A m e r i c  an 
Chemica l  S o c i e t y  i n  J a n u a r y  1.955• T h is  i n c l u d e d  
a p a p e r  by Lernl ich  who r e p o r t e d  t h a t  n a t u r a l  
c o n v e c t i o n  from e l e c t r i c a l l y  h e a t e d  w i r e s  i n  a i r  
was m arked ly  improved  by t r a n s v e r s e  v i b r a t i o n  i n
c
t h e  r a n g e  39 1° 122 c y c l e s  p e r  s e co n d ,  even  t o  t h e  
e x t e n t  o f  q u a d r u p l i n g  t h e  f i l m  c o e f f i c i e n t .  An 
i n c r e a s e  i n  c o e f f i c i e n t  was o b s e r v e d  f o r " a n  i n c r e a s e  
i n  a m p l i t u d e  o r  an  i n c r e a s e  i n  f r e q u e n c y .  F o r  
improvrnents  i n  c o e f f i c i e n t  i n  e x c e s s  o f  10% t h e  
c o e f f i c i e n t  wa,s e x p r e s s e d  by
k  = 0 .7 5  t  0 .0 0 3 1  Re° g 5  (,/3
?/here \  = c o e f f i c i e n t  o f  h e a t  t r a n s f e r  B t u / h r . f t . ° F  
c o e f f i c i e n t  o f  h e a t  t r a n s f e r  f o r  same 
d i a m e t e r  a t  t h e  same P r  x Gr 8,s o c c u r s  
w i t h o u t  v i b r a t i o n .
Re - V i b r a t i o n a l  R e y n o ld s  Humber b a s e d  on an 
a v e r a g e  v e l o c i t y  -  2HF (H -  a m p l i t u d e
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a v e r a g e  v e l o c i t y  \r"~ 2HF (H a  a m p l i t u d e  
o f  v i b r a t i o n , F  « f r e q u e n c y  o f  v i b r a t i o n ) .
/ - s .
J 3  « t h e r m a l  c o e f f i c i e n t  o f  v o l u m e t r i c  e x p a n s io n
A
^ 4. = t e m p e r a t u r e  d i f f e r e n c e ,  °F 
-3 G ra sh o f  num bers .  
may b e ' e s t i m a t e d  f rom  t h e  McAdams c o r r e l a t i o n  
f o r  s t a t i o n a r y  h o r i z o n t a l  c y l i n d e r s ,
2 .2 ,3 . .  Qfher 2d > earns of' V ib r a t lo n e ,
I t  i s  r e l e v a n t  to  n o t e  b r i e f l y  exam ples  o f  
t h e  a p p l i c a t i o n  o f  v i b r a t i o n s  i n  o t h e r  f i e l d s  o f  
u s e .
34 'P o r t e r  a f t e r  d e s c r i b i n g  a new s i r e n - t y p e
g e n e r a t o r  o f  f r e q u e n c i e s  o f  1 ,0 0 0  t o  2 0 0 ,0 0 0  c . p . s .
a t  i n t e n s i t i e s  o f  100 t o  170 d e c i b e l s ,  d i s c u s s e d
i t s  u s e s  f o r  example i n  a g g l o m e r a t i n g  d u s t s  f o r
gas  c l e a n i n g  f rom  such  p r o d u c t s  as  c a r b o n  b l a c k .
The d e s t r u c t i o n  of  f l o t a t i o n  f r o t h  w i t h  i n t e n s i v e
h i g h  fneq^-'ah-oy sound was d i s c u s s e d  by S h io n -C h u a n  Sun 
35 u s i n g  v i b r a t i o n s  a t  bKc w i t h  i n t e n s i t y  o f  0 .0 5
2 ' w a t t s / c m ,
A c o n s i d e r a b l e  l i t e r a t u r e  h a s  d e v e l o p e d  on 
u l t r a s o n i c s .  A u s e f u l  r e v i e w  a r t i c l e  by i l e p p i r a s  
J d i s c u s s e d  c a v i t a t i o n ,  e r o s i o n ,  d i s p e r s i o n  o f  
s o l i d s ,  e m u l s i f  i c a t i o n , d e p o l y m e f t i s a t i o n , o a c t  e r i c i d a l
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and c h e m ic a l  ( i n c l u d i n g  m e t a l l u r g i c a l )  f i e l d s  o f
a p p l i c a t i o n s .  T h e re  a r e  many a d v a n t a g e s  due t o  t h e
r e c t i l i n e a r p r o p a g a t i o n  and t h e  f a c t  t h a t  h i g h
energy  i n t e n s i t i e s  can- he u s e d  w i t h o u t  c a u s i n g  a
n u i s a n c e .  N e p p i r a s  gave  t h e  i n t e n s i t y  o f  o rd inary-
sound as b e in g  o f  t h e  o r d e r  o f  1 0 -5  w a t t s / c m ^
w h i le  low power u l t r a s o n i c s  u s e s  power l e v e l s  o f
s eve r  a l  w a t t  s / cm,
A s u rv e y  o f  t h e  d e s i g n ,  f r e q u e n c y  r a n g e s  and
a p p l i c a t i o n s  o f  v a r i o u s  v i b r a t i n g  d e v i c e s  was g i v e n  
37 -  38by Averbach . A companion p a p e r  by u u n k e r  d e a l t  
m ain ly  w i t h  th e  d e s i g n  o f  t h e  m ach ines  and t h e i r  
v i b r a t i o n s ,  q u o t i n g  p r a c t i c a l  s o l u t i o n s  which have  
a l r e a d y  p ro v e d  s u c c e s s f u l .
The American  symposium on v i b r a t o r y  p h e n o m e n a ^  
r e f e r r e d  to  ab o v e ,  i n c l u d e d  p a p e r s  011 l i q u i d - l i q u i d  
e x t r a c t i o n ,  l i q u i d - s o l i d  e x t r a c t i o n ,  s o l i d  f l u i d i s  a t i o n  
and o t h e r  c h e m ic a l  e n g i n e e r i n g  p r o c e s s e s .  S t u d i e s  
o f  t h e  u s e  o f  p u l s e d  p l a t e  columns i n  l i q u i d - l i q u i d  ■' t 
e x t r a c t i o n  a r e  c u r r e n t l y ^  b e i n g  p r e s e n t e d  i n  B r i t a i n ,  
I t  may a l s o  be n o te d  t h a t  e l e c t r o m a g n e t i c  p u l s e s  
can i n c r e a s e  r a t e s  o f  r e a c t i o n ,  A F r e n c h  owned p a t e n t
39 c la im s  t h a t  c o a l  c o n su m p t ion  i n  a l i m e - k i l n  was 
r e d u c e d  by 30$  when low f r e q u e n c y  (10 t o  1000 c . p . s . )  
e l e c t r o m a g n e t i c  p u l s e s  o f  one p o l a r i t y  &t a v o l t a g e
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o f  5 0 > 0 0 0  v .  were a p p l i e d  through a p o in t  e l e c t r o d e
40 cm. above a k i l n .
2 . 5 . frenera l .
Thus i t  was e v id e n t  th a t  v i b r a t i o n s  had a 
profound e f f e c t  on many p h y s i c a l  p r o c e s s e s  and on 
c hem ica l  p r o c e s s e s  c o n t r o l l e d  by p h y s i c a l  o n e s ,  
n o t a b ly  combustion i n  d i f f u s i o n  f l a m e s .  Yet t h e r e  
has been no d i r e c t  work on a p p ly in g  v i b r a t i o n s  to  
i n f l u e n c i n g  h ea t  t r a n s f e r  from f la m es  to  w a t e r -  
c o o le d  tu b es  and t h e  more g e n e r a l  r e s u l t s  on t h e
i n f l u e n c e  on heat  t r a n s f e r  are  i n  Havemam^s words
nmeagre and c o n f l i c t i n g 11, I t  was t h e r e f o r e  thought  
u s e f u l  to  examine th e  h e a t  t r a n s f e r  e f f e c t s  in. t h i s  
s p e c i a l  c a s e ,j *
5 ,  E x p lo r a to r y  E xp er im en ts .
A pparatus .
The apparatus  u s e d  c o n s i s t e d  e s s e n t i a l l y  o f  a
v e r t i c a l  w a t e r - c o o l e d  2H i . d ,  i r o n  tube  b u i l t  up from
s e p a r a t e  u n i t s ,  each one f o o t  h i g h ,  equipped f o r
c a l o r i m e t r y  and r a d io m e tr y ,  I t  was c o n s t r u c t e d  by 
8S a le h  who d e s c r i b e d  i t  in  h i s  t h e s i s .  A diagram o f  
i t  i s  siiown as F i g ,  2 ,
The c a l o r i m e t e r s  were c o n s t r u c t e d  by f i t t i n g  
o u te r  6 ,f i . d ,  p i p e s  h e l d  i n  p o s i t i o n  by f l a n g e s  which
r - t »
e n c lo s e d  t h e  annular  sp a ce  and which  were r e c e s s e d  T6
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from t h e  ends of  t h e  2 ” t u b e  to  a l lo w  f o r  p a c k in g
i n s u l a t i n g  m a t e r i a l  between f l a n g e s .  i . d .  i r o n
t u b e s  were f i t t e d  t o  d e l i v e r  and t a k e  o f f  we,ter
t h r o u g h  th e  a n n u l a r  space  a t  p o i n t s  r e s p e c t i v e l y  
1 "
16 from th e  bo11oa  and to p  f 1 an g es ,  th e  w0,t e r
sup p ly  coming from an ov e rhead  c o n s t a n t  l e v e l  t a n k .
The r i s e  in  t e m p e r a t u r e  o f  t h e  w a te r  was measured
by c o p p e r - c o n s t a n t a n  th e rm o c o u p le s  and t h e  f low  r a t e
by volume d e l i v e r e d  from t h e  s e p a r a t e  d i s c h a r g e  p i p e s .
In  each  c a l o r i m e t e r  were two p a i r s  o f  7/ b 1 i . d .
s i g h t i n g  tu b a s  each p a i r  mounted i n  l i n e  r a d i a l l y ,
t h e  two p a i r s  b e in g  i n  l i n e  v e r t i c a l l y ,  to  p e rm i t
s i g h t i n g  th ro u g h  th e  f lam e  a t  d i s t a n c e s  o f  3 " from.
th e  u p pe r  and lo w er  ends .  The tu b e s  were no rm a l ly
c lo s e d  w i th  c o r k s .  At one end o f  each c a l o r i m e t e r
a c h r 0mel-a lurnel  th e rm o co u p le  j u n c t i o n  was embedded
i n  a r e c e s s  i n  t h e  end of  t h e  2" t u b e .  F i n a l l y
a s b e s t o s  i n s u l a t i o n  was f i t t e d  on t h e  s u r f a c e .
The assem bled  tube  was su p p o r t e d  i n  a framie
which a l s o  p r o v i d e d  a v e r t i c a l  s h a f t  i n  which a
f u r n a c e  cou ld  bo r a i s e d  and lo w ered  i n t o  a l ig n m en t
w i th  any o f  the  s i g h t i n g  t u b e s .  This  f u r n a c e
c o n s i s t e d  of  a c y l i n d r i c a l  s i l l i m a n i t e  t u b e  wound7114.
w i th  a k a n t h a l  s p i r a l  c o i l  1 b i . d . ,  0 " lo n g  
d e s i g n e d  t o  be h e a t e d  th r o u g h  a s tep-down t r a n s f o r m e r
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from t h e  mains,  t a k in g  a maximum o f  53& at 1 5  
v o l t s .  In th e  c e n t r a l  c o n s ta n t  tem perature  zone  
a c y l i n d r i c a l  s i l i c o n  ca rb id e  t a r g e t  was mounted 
i n  cement.  As f i n a l l y  assembled th e  r a d i a t i n g  f a c e  
was 6" deep from th e  f r o n t  edge o f  the fu rn ace  and 
i t s  r a d i a t i o n  was taken  as approx im ating  to  a b la ck  
body r a d i a t i o n .  A P t ~ P t / l 3 $  RL thermocouple  was 
p i  a ced i n  the  c e n t r e  o f  the  b lock  w i th  th e  t i p  f l u s h  
w ith  t h e  s u r f a c e  o f  th e  b lo c k .
A diaphragm t h e r m o p i le ,  shown in  F i g .  2 was 
a l s o  a v a i l a b l e .  This  c o n s i s t e d  o f  a 1 / 4 ” d ia m eter  M 
m oll  m ic r o th e rm o p i le  w i th  18 m an g a n in /co n s ta n te p  
j u n c t i o n s  and a z i n c  b la c k  r e c e i v i n g  s u r f a c e ,  th e  
in s trum ent  b e in g  e n c l o s e d  in  a w ater  j a c k e t  and f i t t e d  
w ith  an i n t e r n a l l y  b lackened  diaphragm tube  which  
f i t t e d  t h e  s i g h t i n g  h o l e s .  The d ia m eter  o f  th e  
"diaphragm at  th e  a p e r tu r e  was 5 / 8 ” which ensured th a t  
th e  th e rm o p i le  "viewed" on ly  the  f lame and b la c k  body 
t a r g e t ,  and not any o t h e r  p a r t  o f  th e  a p p a ra tu s .
Town gas was taken from the  ord inary  supp ly  
through a r e g u l a t o r  s e t  at 4 nw . g . ,  through a gas meter  
and f i n e  c o n t r o l  v a l v e  t o  a v e r t i c a l  copper burner  
tu b e ,  3/4" o . d . ,  12" l o n g .  The l a t t e r  had a p r e s s u r e  
ta p p in g  c o r r e c t e d  to  a water  manometer. A g e n e r a l  
drawing o f  the  j e t s  i s  g iv e n  i n  F i g .  2 .
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3 . 2 . F i r s t  A t tem p ts  t o  I n f l u enc e  P a t t e r n  o f  Heat  
T r a n s f e r .
A f t e r  c o n s i d e r i n g  p o s s i b l e  means o f . i n f l u e n c i n g
Cot h e  p a t t e r n  o f  h e a t  t r a n s f e r  found  by S a l e h  , i t  
was dfecided to  examine  th e  u s e  o f  s o n i c  v i b r a t i o n s .
In  t h e  f i r s t  p l a c e  i t  was t h o u g h t  l i k e l y  t h a t  t h e  
main e f f e c t  would  be on c o n v e c t i v e  h e a t  t r a n s f e r .
T r i a l s  were c a r r i e d  ou t  by s u p p o r t i n g  a l o u d  s p e a k e r  
d i r e c t l y  i n  f r o n t  o f  t h e  gas  j e t ,  d i r e c t i n g  sound a t  
t h e  f l a m e .  Most e a r l i e r  w o r k e r s  -  b u t  n o t  Z i c k e n d r a h t  
-  have  r e f e r r e d  t o  f l a m e s  as  b e i n g  s e n s i t i v e  o n ly  
when t h e y  a r e  on t h e  p o i n t  o f  f l e x i n g .  U s in g  a j e t  
o f  d i a m e t e r  0 „ 1 7 4 n (h o ,  17 morse  D r i l l )  and a p r e s s u r e  
o f  1 M w*g* t h e  f l a m e  was s e t  up  to  be i n i t i a l l y  f l a r i n g  
t h a t  i s  more t u r b u l e n t  t h a n  u s u a l l y  recommended s i n c e  
t h e s e  t r a n s i t i o n a l  f l a m e s  a r e  o f  g r e a t e r  t e c h n i c a l  
i n t e r e s t  t h a n  t h o s e  'o n ly  on t h e  p o i n t  o f  f l a w i n g .  An 
Advance  a u d io  g e n e r a t o r  t y p e  F was u s e d  d r i v i n g  La 
moving c o i l  s p e a k e r  o f  5 ohms impedance  w i t h  a 5" 
d i a m e t e r  cone s e t  i n  a, wooden f ram e .  The aud io  
g e n e r a t o r  gave a power o u t p u t  o f  1 w a t t  o v e r  a 
f r e a u e n c y  r a n g e  o f  100 c . p . s .  t o  1 0 ,0 0 0  c . p . s .  The 
s p e a k e r  was s e t  f a c i n g  t h e  f l a m e  w i t h  i t s  a x i s  d i r e c t e d  
a t  t h e  j e t  and t h e  f r o n t  p l a n e  6 1 from t h e  j e t .  U s i n g  
t h e  f u l l  power o f  t h e  au d io  g e n e r a t o r  and s c a n n i n g  t h e
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f u l l  r a n g e  o f  i r e q u - o n p ^ ; n o : - e f f e c t s  were  o b s e r v e d .
However, on u s i n g  a more p o w e r f u l  o s c i l l a t o r -
a M arconi  EkoQ.o B e a t  F re q u en cy  O s c i l l a t o r  o f  4  w a t t s
o u t p u t  marked v i s i b l e  e f f e c t s  were o b t a i n e d  o ve r  a
wide r a n g e  o f  f r e q u e n c y .  The f l a m e  was s h o r t e n e d
by a b o u t  one f o o t  and o t h e r  e f f e c t s  p r o d u c e d  as
d e s c r i b e d  below. I n  t h e  a b s e n c e  o f  sound t h e  f lam e
began t o  f l a r e  a t  a p r e s s u r e  o f  0 , 3 0 . w . g , , c o r r e s p o n d i n g
w i t h ' a  f lo w  r a t e  o f  a b o u t  25 f t ^ / h r  and a
nUmber (Re) o f  2 2 7 0 . With t h e  more p o w e r f u l
o s c i l l a t a r a v f . h e  e f f e c t s  were  o b t a i n e d  w i t h  gas  p r e s s u r e s  
1
up t o  l 'g1 w.g .  p r o d u c i n g  f l a m e s  which were  t u r b u l e n t  
and e m i t t e d  a s t r o n g  n o t e .  A l l  t h e  f u r t h e r  p r o b e  
e x p e r i m e n t s  were  G a fe fe d  o u t  a t  t h e  medium p r e s s u r e
~z
o f  l n w . g . ,  r e s u l t i n g  i n  a gas  f l o w  r a t e  o f  A{ f t  / h r  
and Re-42o0 a t  t h e  j e t .
T e s t s  on v a r y i n g  t h e  s e p a r a t i o n  be tw een  t h e  b a s e  
o f  t h e  h e a t i n g  t u b e  and t h e  t o p  o f  t h e  j e t  showed 
t h a t  t h e  e f f e c t s  on t h e  f l a m e  i n c r e a s e d  w i t h  i n c r e a s i n g '  
s e p a r a t i o n .  The maximum s e p a r a t i o n  p r a c t i c a b l e  was 
5" s i n c e  beyond t h i s  d i s t a n c e  th e  f l am e  began  to  s p i l l  
o u t  o f  t h e  t u b e .  For  t h e s e  t r i a l s ,  a s e p a r a t i o n  o f  4" 
was c h o s e n  to g i v e  g o o d” a c c e s s " o f  t h e  sound waves to  
t h e  f l a m e  and p e r m i t  a b a s i s  o f  c o m p a r iso n  w i t h  e a r l i e r  • 
work on t h e  u n m o d i f i e d  f l a m e .  E f f e c t s  were  examined 
u s i n g  a 7,: tub e  and a 4*5 t u b e  which  r e p r e s e n t e d  t h e
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p r a c t i c a l  l i m i t s  o f  With s h o r t e r
t u b e s  t h e  f l a m e  was l o n g e r  t h a n  t h e  t u b e .
The u n d i s t u r b e d  f lam e  w i t h o u t  a p p l i c a t i o n  o f  
sound was a t r a n s i t i o n a l  m o d e r a t e l y  t u r b u l e n t  
d i f f u s i o n  f l a m e .  When b u r n i n g  i n  a 7* t u b e  i t  
had t h e  f o l l o w i n g  a p p e a r a n c e .
The f lam e  s t a r t e d  s l i g h t l y  above t h e  j e t  and 
had a d i a m e t e r  o f  a b o u t  3 / 8 "* f'k b ro ad e n ed  t o  o v e r  
1 " r e g u l a r l y  up  t o  a b o u t  9 " above '  t h e  j e t  and o v e r  
t h i s  r e g i o n  was m a in ly  p a l e  b l u e .  A s m a l l  amount 
o f  l u m i n o s i t y  o c c u r r e d  a b o u t  4" t o  5" above  t h e  j e t  
and i n c r e a s e d  up t o  9 " .  Above t h i s  p o i n t  t h e  f l am e  
became lu m in o u s  a c r b s s  most  o f  i t  ks c r o s s - s e c t i o n  - 
and w idened  ou t  t o  g r e a t e r  th a n .  1-J-" i n  d i a m e t e r .
The n e x t  h i g h e r  3" t o  6 " were  t h e  b r i g h t e s t  y e l l o w  
p a r t s  o f  t h e  f l a m e  and above t h i s  t h e  f l a m e  d e c r e a s e d  
i n  b r i g h t n e s s  and became more r o d  u n t i l  t h e  end o f  
t h e  v i s i b l e  p a r t  a t  a b o u t  5 0 "*
The t o n e  e m i t t e d  by t h e  f l a m e  sounded  complex 
b u t ,  m a tc h in g  by e a r  a g a i n s t  t h e  l o u d  s p e a k e r ,  had 
a s t r o n g  n o t e  o f  130 c . p . s .  The sound was a p p l i e d  
from 50 c . p . s .  On i n c r e a s i n g  t h e  f r e q u e n c y  no 
a p p r e c i a b l e  e f f e c t s  wore o b s e r v e d  up to  1000 c . p . s .  
Above t h i s  f r e q u e n c y  t h e r e  was a marked b r o a d e n i n g  and 
b r i g h t e n i n g  o f  t h e  lo w er  p a r t s  o f  t h e  f l a m e  and
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i n t e n s i f i c a t i o n  o f  v i s i b l e  t u r b u l e n c e  b e g i n n i n g  
a t  p o i n t s  which f l u c t u a t e d  be tw ee n  1^-M and 3 U 
above, t h e  j e t .  As f r e q u e n c y  was i n c r e a s e d  up to  1 2 ,0 0 0  
c . p . s .  -  t h e  maximum a v a i l a b l e  -  t h e  i n t e n s i t y  o f  
t h e  e f f e c t s  v a r i e d  c o n t i n u o u s l y  and t h e  p o i n t  o f  
b r o a d e n i n g  moved up and down w i t h i n  t h i s  r a n g e  o f  
d i s t a n c e .  'The e f f e c t s  s t o p p e d  when t h e  sound was 
t u r n e d  down.
With th e  7* tube  maximum e f f e c t s  were found at
1 , 4  t o  1 .4 5  ^*8 Kc, 1 . 9  to  2 .0  Kc and 3*2 Kc*
1 RThese  do n o t  c o r r e s p o n d  w i t h  Brown’ s f i n d i n g s  ,
In  a d d i t i o n ,  no e f f e c t s  were  fo u n d  abound 130 c . p . s ,  
n o r  a t  s i m p le  m u l t i p l e s  o f  th i-s  f r e q u e n c y .  No 
f u r t h e r  s t r o n g  maxima were fo un d  up  t o  t h e  12 Kc l i m i t .
W ith  t h e  4 t u b e  t h e r e  w e re  a g a i n  e f f e c t s  o n ly
from  a b o u t  1 Kc. w i t h  marked maxima a t  1 #40 t o  1 ,4 5  Kc,
2 t o  2 . 2  Kc. and Kc.
T hese  v i s i b l e  e f f e c t s  were  found  t o  be accom pan ied
by a  change  i n  t h e  p a t t e r n  o f  h e a t  t r a n s f e r  w i t h i n  t h e
h e a t i n g  t u b e  as  shown i n  T a b l e  1 . S e t t i n g s  o f
a p p a r a t u s  were a s  d e s c r i b e d  abo v e .
T a b ic  1, F i r s t  Calorimefcfy  E x p e r im e n t s  on 
E f f e c t s  o f  .Sonic V i b r a t i o n s  on 
Town Gas F lam es ,  Open S p e a k e r .
Tube length. D i s t a n c e  
from Base  
of Tube 
En
Oa,lori  m e te r No flound U s in g  Sound
4 W at ts  
a p p l i e d  to  
s p e a k e r  6 M 
from J e t .
2 Kc 1 3.6kc
4 0 - 1 2 Ho. 1
1
n . d 1 0 , 6 1 6 . 8 1 3 .O
1 2 - 2 4  ' 2 1 8 . 4 1 6 .9 1 7 . 4
24-36  '• 3 12 .9 1 3 . 7 1 7 . 6 . 1 2 . 6
36-4 8 4 9 . 7 9 . 6 9 . 2 9 . 6
AH [52.2 - 6 0 .5
----------------j
5 2 .6  1
7 , 0 - 1 2 if 0 . 1 10.0 8 .9 1 2 ,6
{
1 3 . 1
1 2 - 2 4 2 L6 .b [16.5 14 .4 1 4 . 6
24-36 3 L3.3 1 2 . 7 10.6 11.0
36-48 4 9 ,6 9.8 7 .6
1
8.1
48-60 5 7.0 7 .9 6.6 C 7
6 0 -7 2 6 6 . 2 4 . 4 5.1 5.4
7 2 -8 4 7 7 .1 6 . 9 5.2 5.2
A l l 59.8 6 7 . 1 6 2 .1 64.1
F a u l t y  R e a d i n g s .
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I t  would n o t  be j u s t i f i e d  to  draw t o o  many
c o n c l u s i o n s  f rom  t h e s e  s im p le  t e s t s  b u t  i t  was
:e v id e n t  t h a t  t h e  h e a t  t r a n s f e r  had been  i n c r e a s e d  i n
th e  b o t to m  f o o t  o f  t h i s  h e a t i n g  t u b e  i n  much t h e  . same ■
way as  t h e  i n c r e a s e  i n  b r i g h t n e s s .  In  t h e  4  f o o t  t u b e
t h i s  r e s u l t e d  i n  an i n c r e a s e  i n  t o t a l  t h e r m a l  e f f i c i e n c y
»
b u t  i n  t h e  s e v en  f o o t  t u b e  i t  a p p e a re d  t o  C8u.se a 
d e c r e a s e .
Brown"^ and o t h e r ^ T f o u n d  t h a t  f l a m e s  were 
s e n s i t i v e  o n ly  a t  t h e  j e t .  T h is  was c o n f i r m e d  by
e x p e r i m e n t s  i n  which  t h e  s p e a k e r  was e n c l o s e d  i n  a
s o u n d - i n s u l a t e d  box and t h e  sound waves p i p e d  i n  t o  
d i f f e r e n t  p o i n t s  i n  t h e  a p p a r a t u s  t h r o u g h  a -J” d i a m e t e r  
b r a s s  p i p e .  T e s t s  were  c a r r i e d  o u t  u s i n g  t h e  7 ’ t u b e  
and p i p i n g  sound a t  1 .4 5  2 c .
1, a t  t h e  j e t  a l o n e ,  t h e  .p ip e  t i p  b e i n g  d-n from t h e  
j e t .
2 a t  t h e  j e t  and 7n above t h e  j e t .
a t  t h e  j e t  and 55" above t h e  j e t
4  a t  55". above t h e  j e t .
'W here  t h e  sound  was d e l i v e r e d  a t  p o s i t i o n s  above  
t h e  j e t  t h e  p i p e  t i p  was p u s h e d  t h r o u g h  a s i g h t i n g  
h o l e  and a l i g n e d  w i t h  t h e  i n n e r  w a l l  o f  t h e  t u b e .
R e s u l t s  a r e  g i v e n  i n  T a b le  2 .
-34-
T a b le  2,  E f f e c t s  o f  Son ic  V i b r a t i o n s  on T o t a l  
H ea t  T r a n s f e r  f rom Town G-as F lam es ,  
______ Sound t r a n s m i t t ed i n  p i p e s . _____
p e r  c e n t  o f  h e a t  i n p u t .
D i s t a n c e  
from Base 
o f  T u b e , I n .
C a l o r i ­
m e te r .
Ho sound 
( f i g u r e s  
o f  T a b le  
1 . )
U s in g  sound .  4  w a t t s  
a p p l i e d  t o  s p e a k e r  
ana  sound f e d  i n  a t
J e t
o n ly
1
J e t  f
7"
a b o v : 
.1 e t .
J e t  -t
55"
4 above 
a . i e t .
55“ '
above 
2 et..
0 - 1 2 Ho 1 1 0 .0 8 .9 1 5 .5 1 3 .5 1 5 .6
8 . 5
1 2 -2 4 2 1 6 ,6 1 6 .5 1 4 . 5 1 6 , 4 1 4 . 6 1 7 .3
2 4 -3 6 3 13*3 1 2 ,7 1 1 .1 1 2 . 4 1 0 . 6 1 4 .5
36 -48 4 9 . 6 9 .8 9 . 3 6 .1 . 5 - 7 7 . 2
48—60 j 5 7 . 0 7 .9 . 5 . 1 6 ,1 5 .9 8 . 5
60 -7 2 6 6 . 2 4 . 4 6 . 3 6 .7 6 .5 8 . 1
7 2 -8 4 . ... ....7 .............. . . . 7 , 1 6 . 9 6 .5 5 . 4 ...5.2... 6 . 0
i l l 6 9 ,8 6 7 .1 6 8 .7 6 6 .6 6 4 . 1 5 8 . 1
The e f f e c t  on t h e  r a d i a t i o n  was a l s o  examined 
u s i n g  t h e  c a l i b r a t e d  t h e r m o p i l e ,  a s su m in g  t h a t  each  
r e a d i n g  t h r o u g h  a s i g h t i n g  h o l e  r e p r e s e n t e d  t h e  n e t t  
r a t e  o f  r a d i a t i o n  from t h e  s u r f a c e  o f  t h e  c o r r e s p o n d i n g  
c y l i n d e r  o f  flamo. 14-" d iam ,  , 6 " h i g h ,  w i t h  n e g l i g i b l e  
n e t t  r a d i a t i o n  i n t e r c h a n g e  be tw een  a d j a c e n t  c y l i n d e r s , .  
The t h e o r y  o f  t h i s  i s  d i s c u s s e d  i n  S e c t i o n  8 ,
The s e n s i t i v i t y  o f  t h e  t h e r m o p i l e  was imv f o r  a 
t o t a l  r a d i a t i o n  f l u x  o f  5*93 o a l / c m ,  s e c .
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2
For a s u r f a c e  a r e a  o f  1 8 2 . 5  cm , e ach  mv.
c o r r e s p o n d e d  to  a t o t a l  r a d i a t i o n  f l u x  o f  1082 c a l / s e c
o r  3895 K c a l / h r
o r  1 5 ,480 B t u / h r
The f i g u r e s  were e x p r e s s e d  p e r  c e n t  o f  t h e  h e a t  
i n p u t  and a re  g i v e n  i n  T ab le  3*
U n f o r t u n a t e l y  t h e  t h e r m o p i l e  began  t o  behave 
e r r a t i c a l l y  d u r i n g  t h e  f i n a l  e x p e r im e n t  on p i p i n g  
sound a t  t h e  j e t  o n l y ,  and t h e  i n s t r u m e n t  had  to  be 
s e n t  f o r  r e - c o n d i t i o n i n g .  T h ere  a r e  t h e r e f o r e ,  no 
r e s u l t s  f o r  t h i s  e x p e r i m e n t .
T ab le  3 .  E f f e c t s o f  Son i c  V i b r a t i o n s  on T o t a l  
R a d i a t i o n  from Town Gas F la m e s .  Sound
j
Tr a n s m i t t e d  i n  P i p e s .
p e r  c e n t  o f  h e a t  i n p u t .
D i s t a n c e  
from b a s e  
o f  Tube I n .
No Sound. Sound
J o t  j. 7 1
above J e t
p i p e d  In
J e t  4. 5 5 ” 
above J e t
a t
5 5 " above 
J e t .
3 2 .6 4 , 1 4 . 1 2 . 5
9 4 . 9 4 .6 5 -0 4 . 2
15 5 . 0 3 .6 3-7 5 . 1
21 4 . 6 3 .2 3 .6 4 . 4
27 3 . 9 2 . 4 2 .2 3 -6
33 3 . 7 2 .2 1 .7 3 . 0
39 2 .7 1 . 7 ’ 2 .1 2 . 3
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 SOUND AT J E T
 SOUND AT 55"  ABOVE J E T
( s f  ABOVE FOOT OF TU BE)
E END OF FLAME
 SOUND AT J E T  AND 7" ABOVE J E T
( 3 "  A BO VE FOOT O F T U B E )
NO SOUND 
 SOUND AT 5 5 ' '  ABOVE J E T
R A D IA T IO N  
H E A T  T R A N S F E R
12 2 4  3 6  4 8  6 0
DISTANCE FROM FOOT O F  T U B E  INS.
FIG. 4-.
SELECTION OF RESULTS OF EXPLORATORY
E X PERIM EN TS ON EFFECT O F SONIC
VIBRATIONS ON HEAT T R A N S F E R  (DATAOF 
T A B L E S  a AND 3)
72
~7 r- 3 0 -
45 1 .9 1 . 4 1 . 5 1 . 4
51 1 . 8 1 . 5 — -
_ 5 Z _ l . l 1 . 0 1 .0 0 . 8
The p a t t e r n s  g i v e n  by T a b le s  2 and. a r e  shown 
i n  Fig4..  They c o n f i r m e d  t h a t  t h e  v i s i b l e  chan g es  
p r o d u c e d  by t h e  v i b r a t i o n s  were  accompanied, by a 
t e n d e n c y  f o r  t h e  peak  of  t h e  h e a t  t r a n s f e r  to  move 
downwards i n  t h e  h e a t i n g  t u b e .  P a r t  o f  t h i s  change 
was shown t o  be d ue  t o  t h e  p e ak  o f  t h e  r a d i a t i o n  h e a t  
t r a n s f e r  moving downwards i n  t h e  t u b e .
The e f f e c t s  o f  p i p i n g  sound r e s p e c t i v e l y  a t  t h e  
j e t  a l o n e  and a t  t h e  j e t  t o g e t h e r  w i t h  o t h e r  p o s i t i o n s
j
were v e ry  s i m i l a r ,  P i p i n g  sound, o n ly  i n t o  t h e  u p p e r  
p a r t  o f  t h e  t u b e  b u t  n o t  a t  t h e  j e t  gave  r e s u l t s  
s i m i l a r  to  t h o s e  o b t a i n e d  w i t h o u t  a p p l y i n g  sound .
I t  was t h e r e f o r e  a c c e p t e d  t h a t  t h e  f l a m e  i s  most 
s e n s i t i v e  t o  sound  v i b r a t i o n s  a p p l i e d  a t  t h e  j e t  and 
i t  was d e c i d e d  t o  a t t e m p t  t o  i n t r o d u c e  v i b r a t i o n s  i n t o  
t h e  ga s  s t r e a m  b e f o r e  i t  r e a c h e d  t h e  j e t ,  F u r t h e r m o r e ,  
t h e  r a d i a t i o n  r e s u l t s  showed, t h a t  a l t h o u g h  t h e  f i r s t  
a p p r o a c h  had. b e en  b a se d  on t h e  c o n ce p t  o f  im p r o v in g  
c o n v e c t i v e  h e a t  t r a n s f e r  by d i s t u r b i n g  t h e  boundary  
l a y e r s  on t h e  h e a t i n g  t u b e  w a l l ,  p r o f o u n d  c han g es  were  
b e i n g  produced, i n  t h e  c h a r a c t e r  o f  t h e  f l a m e  w i t h  m ajo r
COLLAR TAPPED 
FOR TAKING JE T S
0 -8 "  I D. 
COPPER PIPE
M A N O M ETER
TAPPING
GAS CONTROL 
VALVE
IC E IN E  SEAL
GAS
T E R M IN A L S
JMJLL PHONE NIGHTINGALE 
PRESSURE UNIT
FIG. 5
F IR S T  G A S  BURNER MOUNTED O N  
P R E S S U R E  UNIT GAS FEED PIPE. A.
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e f f e c t s  on t h e  h e a t  t r a n s f e r  by r a d i a t i o n ,
3*3* R e s u l t s  Using; B u rn e r s  Mounted on P r e s s u r e  M t t s .
A b u r n e r  was c o n s t r u c t e d  c o n s i s t i n g  o f  a v e r t i c a l  
t u b e  open  a t  t h e  b a s e  and h a v i n g  a b r a n c h  c l o s e  to  t h e  
b a s e ,  A t h r e a d e d  c o l l a r  was b r a z e d  i n  a t  t h e  t a p  t o  
t a k e  gas  j e t s  and t h e  b a se  was mounted on t o  a B u l lp h o n e  
N i g h t i n g a l e  P r e s s u r e  U n i t  i . e .  t h e  b a s i c  e l e c t r o - a c o u s t i c  
u n i t  o f  a l o u d - s p e a k e r  a s s e m b ly .  Gas s u p p ly  was 
c o n n e c te d  to  t h e  b r a n c h .  The a r r a n g e m e n t ,  i s  shown i n  
F i g .  5 A l l  o t h e r  f e a t u r e s  r e m a in e d  t h e  same as  i n  
p r e v i o u s  t e s t s .
U s in g  t h i s  a r r a n g e m e n t ( w h ic h  was d i s t i n g u i s h e d  
as  Gas Feed P i p e  A) t h e  e f f e c t s  were i n t e n s i f i e d .  On
j
s c a n n in g  o v e r  t h e  r a n g e  o f  f r e q u e n c y  up  t o  12 Sc i t  
was p o s s i b l e  to  n o t e  f r e q u e n c y  bands  h a v in g  
q u a l i t a t i v e l y  d i f f e r e n t  e f f e c t s  on t h e  f l a m e .  The 
e f f e c t s  v a r i e d  e r r a t i c a l l y  i n  i n t e n s i t y  a s  t h e  
f r e q u e n c y  was i n c r e a s e d  and one ty p o  o f  e f f e c t  
t e n d e d  to  merge i n t o  a n o t h e r  w i t h o u t  s h a r p  b o u n d a r i e s .  
N e v e r t h e l e s s ,  t h r e e  main bands  c o u ld  be d i s t i n g u i s h e d .
In  a l l  o f  them t h e  f l a m e  was s h o r t e n e d .  In  a d d i t i o n  
t h e r e  were  t h e  f o l l o w i n g  d e t a i l e d  e f f e c t s *
(a )  T here  was l i t t l e  t o  be s e e n  u s i n g  f r e q u e n c i e s  
be low 100 c . p . s ,  b u t  from a b o u t  100 to  800 c . p . s .  t h e  
f l a m e  was made to  . f l a r e  and was g r e a t l y  d i s t u r b e d .  The
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l u m in o u s  p a r t i c l e s  c o u ld  be s e e n  to  be a p p a r e n t l y  
f a n n i n g  o u t  f ro m  t h e  a3$is o f  t h e  f l a m e .  The f lam e  
showed m u l t i p l e  f o r k s ,  was r a g g e d  and gave  o u t  t h e  
sound  o f  f l a r i n g *  The d i s t u r b a n c e  was most s e v e r e  
i n  t h e  r a n g e  o f  a b o u t  300 c . p . s .  t o  800 c . p . s .
(b)  Between 800 and 2q00 c . p . s .  t h e  e f f e c t s  
were  much l e s s  i n t e n s e .  They were  much the .  same as  
t h o s e  f i r s t  o b s e r v e d  w i th  an open  speaker . ,  A marked 
r e l a t i v e l y  a b r u p t  b r o a d e n i n g  o f  t h e  f l am e  was p r o d u c e d  
3 t o  4  i n c h e s  above  t h e  j e t  and ad t h i s  p o i n t  t h e  
f l a m e  was a more i n t e n s e  b l u e .  A l i t t l e  above t h i s  
t h e  f l a m e  became lu m in o u s  a c r o s s  a lm o s t  t h e  whole  
w i d t h .  Thus t h e  p o s i t i o n  o f  maximum w i d t h  and o f  t h e  
s t a r t  o f  l u m i n o s i t y  was l o w e r e d  compared w i t h  t h a t  o f  
a  n o rm al  f l a m e .  A two p r o n g e d  f o r k  was som etim es  
fo rm ed .  I n  t h i s  r a n g e  o f  f r e q u e n c y  t h e  f l a m e  e m i t t e d  
l e s s  sound t h a n  when s u b j e c t  t o  t h e  l o w e r  f r e q u e n c y  
r a n g e .  ■
(c )  Above a b o u t  2 ,50 0  c . p . s .  e f f e c t s  were  much 
more g e n t l e .  T h e re  "was v e ry  l i t t l e  d i s t u r b a n c e  o r  
b r o a d e n i n g  b u t  t h e  f l a m e  was b r i g h t e r  t h a n  u s u a l  due
to  a number o f  v e r y  b r i g h t  s t r e a m s  e x t e n d i n g  from a b o u t  
4 n above  t h e  j e t .  V i b r a t i o n s  a c t u a l l y  r e d u c e d  t h e  
no rm al  t u r b u l e n c e  o f  t h e  f l a m e .  As f r e q u e n c y  was 
i n c r e a s e d  t h e  n o i s e s  e m i t t e d  by t h e  f l a m e  o t h e r  t h a n  
t h o s e  o f  t h e  n o rm a l  u n d i s t u r b e d  f lam e  s t e a d i l y
d i m i n i s h e d  and a t  a b o u t  6 Kc t h e  f l am e  o n ly  
e m i t t e d  t h e  n o t e s  o f  th e  n o rm al  flame.. There  were 
f u r t h e r  sm a l l  e f f e c t s  a t  a b o u t  6 ,40 0  c . p . s  and 
7 ,1 6 0  c . p . s .
/
I n  g e n e r a l ,  t h e  f l a m e  t e n d e d  t o  a m p l i f y  t h e  
a p p l i e d  sound and o f t e n  s e v e r a l  n o t e s  c o u ld  be h e a r d  
a t  t h e  same t i m e .
. These  o b s e r v a t i o n s  c o n f i r m e d  t h a t  t h e  a r r a n g e m e n t  
r e p r e s e n t e d  more e f f e c t i v e  way o f  i n t r o d u c i n g  the .  
v i b r a t i o n s  i n t o  t h e  gas s t r e a m  t h a n  t h e  p r e v i o u s  
m ethods .  I t  was t h e r e f o r e  d e c i d e d  to  a d o p t  i t  f o r  
t h e  p r i n c i p a l  s e t  o f  e x p e r i m e n t s .
A new gas f©Q& p i p e  was c o n s t r u c t e d  b a s e d  on t h e
p r i n c i p l e  o f  m i n i m i s i n g  o t h e r  s o u r c e s  o f  d i s t u r b a n c e
t o  t h e  gas  s t r e a m  and p r e s e n t i n g  t h e  s t r e a m  i n  l a m i n a r
f lo w  t o  t h e  i n f l u e n c e  o f  t h e  v i b r a t i o n s .  A c r i t e r i o n  
40 f o r  l e n g t h  o f  p i p e  to  ensure*  f u l l y  d e v e l o p e d  
t u r b u l e n c e  o r  f u l l y - d e v e l o p e d  l a m i n a r  f l o w  i s  0 .0 3  Re.d ,  
Thus u s i n g  a p i p e  o f  f "  b o r e ,  and a ssu m in g  a 
maximum f lo w  r a t e  o f  50 f t  / h o u r  o f  town g a s  Re would 
be 6 3 0 . I n  o r d e r  t o  p e r m i t  sm©'© t h i n g  o f  t h e  f l o w  
a f t e r  p a s s i n g ' t h r o u g h  t h e  f i n e  c o n t r o l  v a l v e ,  a, l e n g t h  
o f  2 3 . 7 ” i s  t h e r e f o r e  r e q u i r e d  i n  a c c o r d a n c e  w i t h  t h e  
above  c r i t e r i o n .
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Tho p i p e  was t h e r e f o r e  c o n s t r u c t e d  w i t h  a,
h o r i z o n t a l  l im b  o f  2 4 ” l e a d i n g  i n t o  a bend and a
v e r t i c a l  l im b  w i th '  a . J b t a t  brandb. downwards
a l i g n e d  v / l th  t h e  v e r t i c a l  l im b  to  t r a n s m i t  t h e  sound
v i b r a t i o n s .
I n  p l a c e  o f  t h e  p r e v i o u s  s h a r p  r i g h t  a n g l e
c o n n e c t i o n  a, smooth bqnd was i n t r o d u c e d  t o  a v o id
•caus ing  any d i s t u r b a n c e  to  t h e  l a m i n a r  flow,. In
4 1 'f a c t ,  a c c o r d i n g  t o  T a y lo r  and K e v leg an  and B e i j  
bends  t e n d  t o  r a i s e  t h e  v a l u e  o f  Re n e e d e d  t o  p r o d u c e  
t u r b u l e n c e - e n d  w i l l  even  c o n v e r t  t u r b u l e n t  f lo w  a t  
Re 5000 i n t o  v i s c o u s  f lo w ,
The l e n g t h  o f  t h e  v e r t i c a l  l im b  f rom t h e  end 
o f  t h e  bend t o  t h e  j e t  c o u ld  o n ly  be made 9 ” i n  t h e  
s p a c e  a v a i l a f o l e ,  tha,t  i s ,  s h o r t e r  t h a n  t h e  l e n g t h  
c a l c u l a t e d  from t h e  c r i t e r i o n .  However t h e  l a t t e r  
a p p l i e s  o n ly  t o  s e l f - p r o d u c e d  forms o f  f lo w  and 
c an n o t  be t a k e n  t o  a p p ly  t o  t h i s  s i t u a t i o n  where  
v i b r a t i o n s  were  im p r e s s e d  on t h e  s t r e a m .
S p e c i a l  c a r e  was t a k e n  t o  keep  t h e  whole  o f  t h e  
i n t e r i o r  smooth w i t h o u t  i r r e g u l a r i t i e s ,  su ch  as  m ight  
h a v e  o c c u r r e d  a t  t h e  j o i n t s .  The to p  end. o f  t h e  
v e r . t i c s d  l im b  Yeas tapered ,  to w a rd s  t h e  c o l l a r  t a p p e d  
f o r  t a k i n g  j e t s . ;  A d r a w in g  o f  t h e  p i p e  i s  shown l a t e r  
i n  F i g .  6 .
-41-
Wit h t h i s  g a s  f e e d  p i p e  which was d e s i g n a t e d  
Feed P i p e  B t h e  e f f e c t s  were  r e - e x a m i n e d .  A l l  o f  
t h e  p r e v i o u s  o b s e r v a t i o n s  were  c o n f i rm e d  and an 
a d d i t i o n a l  e f f e c t  n o t e d .  I n  t h e  r e g i o n  100 to  
a b o u t  150 c . p . s .  c l o s e  to  t h e  dom inan t  f r e q u e n c i e s  
o f  t h e  n o t e s  o f  t h e  u s u a l  r a n g e  o f  f l a m e s ,  8, t e n d e n c y  - 
to  a r i p p l i n g  o r  h o r i z o n t a l  b a n d in g  e f f e c t  was o f t e n  
n o t e d  i n  t h e  f l a m e .  There  was a l s o  a b e a t  e v i d e n t l y  
due  t o  t h e  h e t e r o d y n e  e f f e c t  o f  t h e  s e l f - p r o d u c e d  and 
t h e  a p p l i e d  f r e q u e n c i e s .
On i n c r e a s i n g  t h e  power a p p l i e d  to t h e  p r e s s u r e  
u n i t  i n  t h e  f r e q u e n c y  fc*».nd be low  a b o u t  800 c . p . s . ,  
t h e  b r i g h t n e s s  o f  t h e  f lam e  was a t  f i r s t  i n c r e a s e d  
up to  a  maximum. Beyond t h i s  p o i n t  f u r t h e r  i n c r e a s e  
i n  t h e  power r e s u l t e d  i n  t h e  f l a m e  becoming p r o g r e s s i v e l y  
more b l u e ,  more v i s i b l y  d i s t u r b e d  and more b o i s y .  
E v e n t u a l l y ,  a t  some f r e q u e n c i e s  t h e  f lam e  c o u ld  be
18 19e x t i n g u i s h e d  as  Hahnemann 7 '  had f o u n d . '
I n  t h e  f r e q u e n c y  band b e tw een  800 and 2E00 c . p . s .  
g r e a t e r  power was need e d  t o  p r o d u c e  t h e  maximum 
b r i g h t n e s s .  The t r e n d s  i n  t h e  e f f e c t s  were  t h e  same 
b u t  t h e  f l a m e  c o u ld  o n ly  be made p a r t l y - b l u e .  T h is  
r e d u c t i o n  i n  t h e  m a g n i tu d e  o f  t h e  e f f e c t  c o n t i n u e d
a
i n t o  t h e  h i g h e r  f r e q u e n c y  band where  s t i l l  g r e a t e r  
power was needed  t o  g i v e  t h e  maximum b r i g h t n e s s  and
w i t h  t h e  power, a v a i l a b l e  t h e  e f f e c t s  c o u ld  h o t  be 
c a r r i e d  beyond t h e  s t a g e  a t  which  b r i g h t n e s s  
i n c r e a s e d ,
4 .  C a l i b r a t i o n  o f  M ic ro p h o n e s .
D u r in g  t h e  c o u r s e  o f  t h e s e  f i r s t  e x p e r i m e n t s  
a t t e m p t s  were  made t o  m easure  t h e  i n t e n s i t y  o f  t h e  
v i b r a t i o n s  a t  a number o f  s i t e s  u s i n g  c a l i b r a t e d  
m ic r o p h o n e s .
The f i r s t  m ic ro ph o ne  u s e d  was an S .T .C .  4017$ 
t y p e  moving c o i l  m ic ro p h o n e ,  T h is  was c a l i b r a t e d  
f o r  u s e  b o th  .as a  f r e e  f i e l d  m ic rophone  and ,  w i th  
t u b e  a t t a c h m e n t s ,  a s . a  p r o b e  m ic ro ph o ne .  C a l i b r a t i o n  
was c a r r i e d  o u t  i n  a c c o r d a n c e  w i t h  t h e  r ec o m m e n d a t io n s  
o f  t h e  N a t i o n a l  P h y s i c a l  L a b o r a t o r y ^ .  T h is  i n v o l v e d  
two main s t a g e s .  F i r s t  t h e  m icrophone  was c a l i b r a t e d  
i n  t e r m s  o f  i t s  f r e e  f i e l d  s e n s i t i v i t y ,  d e f i n e d  as 
,{t h e  r e s p o n s e  o f  t h e  m ic ro p ho n e  p e r  u n i t  sound p r e s s u r e  
i n  a f r e e  p r o g r e s s i v e  sound wave i n t o  which  t h e  
m ic ro ph o ne  i s  i n t r o d u c e d  a t  a s p e c i f i e d  a n g l e " .  At 
t h e  N a t i o n a l  P h y s i c a l  L a b o r a t o r y  t h i s  c a l i b r a t i o n  i s  
c a r r i e d  o u t  b a s e d  on measurement  o f  t h e  sound p a r t i c l e  
v e l o c i t y  by means o f  a R a y l e i g h  D isk .  For  t h e  work 
d e s c r i b e d  h e r e  t h e  c a l i b r a t i o n  was made i n  an a n e c h o i c  
e n c l o s u r e ,  d e s i g n e d  f o r  t h i s  p u r p o s e ,  a g a i n s t  a 
s e c o n d a r y  s t a n d a r d  which  had  been  c a l i b r a t e d  i n  t h e
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above way.
T h is  however gave o n ly  t h e  open c i r c u i t  e , m , f ,  
a t  t h e  m ic rophone  t e r m i n a l s  and t h e  o v e r a l l  s e n s i t i v i t y  
o f  a c o m p le te  m e a s u r i n g  e q u ip m en t  was d e t e r m i n e d  by 
an e l e c t i c a l  c a l i b r a t i o n .  T h i s  c o n s i s t s  o f  i n j e c t i n g  
a m easu red  a l t e r n a t i n g  e . m . f .  i n  s e r i e s  w i t h  t h e  
m icrophone  w i t h o u t  any sound a c t u a t i n g  t h e  m icrophone  
and n o t i n g  t h e  r e a d i n g  o f - t h e  e q u ip m e n t .  T h i s  r e a d i n g  
was t h e n  c o n s i d e r e d  t o  be t h e  same as would be o b t a i n e d  
f rom  t h e  same open c i r c u i t  e . m . f .  g e n e r a t e d  by t h e  
m ic ro p h o n e .
In  a c c o r d a n c e  w i t h  no rm al  a c o u s t i c  p r a c t i c e  
r e s u l t s  were  r e c o r d e d  u s i n g  t h e  d e c i b e l  c o n v e n t i o n  
and d i i r e e t  u n i t s .  I n  t h i s  c o n v e n t i o n  t h e
r a t i o s  a r e  e x p r e s s e d  10 t im e s  th e  lo g a r i th m  t o  th e
i
b a s e  t e n  o f  t h e  i n d i v i d u a l  r a t i o s  f o r  pow er ;  o r  as  
20. t i m e s  t h e  l o g a r i t h m  to  t h e  b a s e  t e n  o f  t h e  
i n d i v i d u a l  r a t i o s  f o r  p a r a m e t e r s  which  c o r r e s p o n d  t o  
t h e  s q u a r e  r o o t  o f  power such  as  v o l t a g e .  The 
c o n v e n t i o n  i s  n o r m a l l y  recommended b e c a u s e  o f  t h e  
wide r a n g e  o f  v a l u e s  o f  p r e s s u r e  -  f rom  0 ,0 0 0 2  d y n e s /
2 i 2cm t o  t h o u s a n d s  o f  dynes  /crn -  and o e c a u se  t h e  
change  i n  s e n s a t i o n  i n  human h e a r i n g  i s  more c l o s e l y  
r e l a t e d  t o  ’t h e  r e l a t i v e  f r a c t i o n a l  change  o f p r e s s u r e  
t h a n  t h e  a b s o l u t e  ch an g e .
MICROPHONE
VALVE
VOLTMETER
F I G .  7 .
ELECTRICAL CIRCUIT FOR CALIBRATING
MICROPHONE ( S L I G H T L Y  M O D I F I E D  FR OM 
N P L  N O T E S  O N  A P P L I E D  S C I E N C E  No.  I O . ,F l G . i a )
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Thus i f  t h e  sound m e a s u r in g  equ ipm ent  i s  a l s o
g r a d u a t e d  i n  t h e  d e c i b e l  c o n v e n t i o n  and an a p p l i e d
e . m . f ,  o f  E d e c i b e l s  r e l a t i v e  t o  1 v o l t  r e s u l t s  i n
a r e a d i n g  o f  R d e c i b e l s  and S i s  t h e  s e n s i t i v i t y  o f
t h e  m icrophone  i n  d e c i b e l s  r e l a t i v e  t o  1 v o l t  p e r  
2dy n e /cm  , t h i s  r e a d i n g  R c o r r e s p o n d s  to  a sound
p
p r e s s u r e  o f  E-S d e c i b e l s  r e l a t i v e  to  1 d yn e /c m  .
Any o t h e r  r e a d i n g ,  R^* d e c i b e l s ,  c o r r e s p o n d s  to
1 2 (R -  R E -  S) d e c i b e l s  r e l a t i v e  to  1 dyne / ° nl •
T h i s  p r i n c i p l e  was a p p l i e d ,  u s i n g  t h e  c i r c u i t
shown i n  F i g .  7? c a l i b r a t i n g  t h e  f ^ r s t  f r e e  f i e l d
m ic ro p h o n e .  Fo r  u s e  as  a p r o b e  m ic ro p h o n e ,  t h e
i n s t r u m e n t  was f i t t e d  w i t h  a  C o v e r in g  d i s c  c a r r y i n g
a - |H i . d . ,  o p e n -e n d e d  r u b b e r  t u b e ,  'This t y p e  o f
m ic ro ph o ne  which i s  u s e d  i n  e n c l o s e d  s p a c e s  r e q u i r e s
p r e s s u r e  c a l i b r a t i o n  and was c o r r e s p o n d i n g l y  c a l i b r a t e d
i n  a s m a l l  e n c l o s e d  s p a c e  a g a i n s t  a  s e c o n d a r y  s t a n d a r d
p r o b e  m icrophone  f o l l o w e d  by e l e c t r i c a l  c a l i b r a t i o n .
The r e s u l t s  o b t a i n e d  f o r  t h e s e  c a l i b r a t i o n s  a r e
shown i n  T a b le  4 .  ' These  m ic ro p h o h ss  were  u s e d  i n  t h e
e x p l o r a t o r y  work b u t  i t  was l a t e r  fo u n d  t h a t  t h e  r e s u l t s
were  of  d o u b t f u l  v a l u e  due to  a f a u l t y  c o n n e c t i o n  on
t h e  power s o c k e t  t o  which t h e  m e a s u r in g  v a l v e  v o l t i m e t e r
was c o n n e c t e d .  F o r  t h e  main f a c t o r i a l  g ro up  o f
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e x p e r i m e n t s  d e s c r i b e d  below a f i n e r - t i p p e d  p ro b e  
m ic rophone  Type S .T .C .  40^43  became a v a i l a b l e .  
C a l i b r a t i o n  was c a r r i e d  o u t  w i t h  a v a l v e  v o l t m e t e r  
g r a d u a t e d  i n  d e c i b & l s  b u t  m easu rem en ts  were  made on 
one g r a d u a t e d  d i r e c t l y  i n  m i l l i v o l t s .  I n  t h e  d e c i b e l  
c o n v e n t i o n ,  t h e  l a t t e r  f i g u r e s  had  t o  be u s e d  i n  t h e  
f o l l o w i n g  way*
L e t  t h e  o v e r a l l  s e n s i t i v i t y  o f  t h e  m ea su r in g  
equ ipm en t  be -  D d e c i b e l s  above  1 m v . /d y n e /c m  , and 
t h e  r e a d i n g  on t h e  m i l l i - v o l t  m e te r ,  M, The l a t t e r  
was f i r s t  c o n v e r t e d  t o  d e c i b e l s
M  *
- 20 Lagqo ^ c l e c i b e l s  above 1 mv.
( a )
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T a b le  4 .  C a l i b r a t i o n  o f  F i r s t  M icrophone ,  
Ca l i b r a t i o n  o f  Tes t  Micro-phone Type S.TwO, 4Q17C. 
(M icrophone  Se t  a t  35” f rom l o u d s p e a k e r  se t .  a t  1 0 0  ma) ~
-
O  V y JL COW J L X ± P \  c b
T est M icrophone. 1
Ui IttUC' Ui b [J O Cl> JX C7 JL « y
Stand
Frequency  
( c . p . s . )
Residing 
For 
Sound.
C a l ib r a t io n  
For 28 , dbj> 
1 mv.
C a l ib r a t io n  
For 1 mv.
Output
db}lnw
Reading
For
Sound. '
Ca,libra,tion
For 29.5 
db,> lmv.
C a l ib r a t io n  
For l . mv .
Outpu
fU&lnr
1 0 0 0  
1500 
2000 
2500 
3000 
2500 ;
4 6 . 8  
54.4 * 
5 7 .= .52.6
53.4.' ■
42U_.;_
73.5 -
73.4 ,
73-3
73-3
73.3
...-_.73.-3
45.5 ■ 
45.4
45.3
45.3 
45.3:
45.3
1.3
9.0 
12.3
8.1 ,
- 4 .P. 1
41.25
45.8
49.2
42.5
44.5 
43. Z_________
40. 6 :
40.6 
40.6 
40. t  
40.6 . , 
40.6
. 11.1 , , 
11.1 
, 11.1 
11.1 
11.1 
. 11.1 ...
30.1
34.7
38.1
31.4
33 .4  
I34.6
(b)  P r e s s u r e  C a l i  b r  a t  i  on of  T e s t  Micropho ne w i t h  1 11 Hose P r o b e  Tube ;-: A t ta c h e d
T e s t  M icrophone."  (R e a d in g s  t h r o u g h  t r a n s fo rm e K lO O  t o  1
F r  equ en cyfRe ad in g
( c . p . s . )
1000 
1500 
2000 
5 0 0  
2800 
5000
5500
For
Sound.
For  28 d b ^  For  1 mv. 
I mv.
57.7 
6o
3 3 .8
134.0
3 4 .0
137.0
Cal  i  b r  a t  i  onjCal i  b r  a t  i o n  Output
5 p V
5 3 .6  
53 .8 ,  
53-8.
53 .7 .
5 3 .7
53 .8 ,
S ta n d .
2 5 .6
25.6 
25.8 
25.8
2 5 .7
2 5 .7
25.8
3 2 .1  
3 4 . 4
8.0
8.3
8.3
1 1 . 2
Read i n g  0 8,1 i  b r a t  i  on 
For  F o r  2 9 .5  
Sound. id b >  lmv,
C a l i b r a t i o n O u t p u
F o r  l u i T V.
W o
9 4 .0
9 4 .0
9 4 .0
9 4 .0
9 4 .0
7 4 .0
2 2 . 2
2 2 . 2
2 2 . 2
2 2 . 2
2 2 . 2
2 2 . 2
2 2 .2
ib> liii
7.3 101.3
7.3 101.3
7.3 to i .3
7.3 101.3
7.3 101.3
7 . 3 '. L 0 1 . 3
7.3 81.3
The s e n s i t i v i t y  means t h a t  1 mv. corresponds to
o
D decibel© above one dyne /cm .
,*,20 Logio M d e c ib e l s  above 1 mv. correspond to 
(D + 20 Log-j_Q M) decibel© above 1 dyng /cm ,
When the a b s o lu te  p r e s s u r e  was r e q u i r e d  t h i s  was 
th en  converted  back from th e  d e c ib e l  system. The 
working equa t ion  was thus
11.
20 Log10 p r e s s u r e  a  S e n s i t i v i t y  * 20 Log10m illivo ltage
w h e re 'p r e s s u re  i s  obfstn&d’ as a b s o l u t e ’
2dynes/cm , th e  s e n s i t i v i t y  i s  added as p o s i t i v e  (because 
i t  r e p r e s e n t s  s u b t r a c t i o n  of a n e g a t iv e  q u a n t i ty )  in  
d e c ib e l s  r e l a t i v e  to  1 mv. per  dyne/cm and m i l l i v o l t a g e  
i s  in  d i r e c t  m i l l v o l t  s.
However when i t  was l a t e r  dec ided  to  work over a 
r e l a t i v e l y  narrow range of p r e s s u r e s  i t  was found more 
conven ien t  to convert  the  c a l i b r a t i o n  of  the  microphone 
back to  d i r e c t  m i l l i v o l t s / ' ‘dyne /cm and to  c a l c u l a t e  
th e  p r e s s u r e  from th e  r a t i o  of  the  d i r e c t  m i l l i v o l t a g e  
and the  d i r e c t  s e n s i t i v i t y .
<5. AppaTato&«t
The p r o p e r t i e s  of the  gas supply tu b e  in f lu e n c e d  
the  approach to d es ig n in g  the  main s e t  of exper im ents .
I t  i s  t h e r e f o r e  convenient  to  d i s c u s s  a t  t h i s  s ta g e  th e  
a p p a ra tu s  f i n a l l y  adopted.
FI G, 8.
4" HIGH CALORIMETER UNIT.
TUBESTEEL
STEEL TUBE*
WELDED JOINT
.INTERNAL BARRIER 
2*2 DEEP.
6 * & >  DIAM. HOLES 
PITCH CIRCLE DIAM. 6%
ONE PAIR. ON DIAM. PERPENDICULAR 
TO \  TUBE
3  , D- P,P£
MIN. PRACTICAL 
RADIUS.
DETAIL AT 'a'-V .
2. OF.F AS ABOVE.
j>. OFF WITH *4 PIPES PERP. TO ^  PIPE AND BARRIER ALIGNED
WITH \  P IPE.
2. OFF WITH PIPES 6 BARRIER TURNED THROUGH 
FURTHER 30° CLOCKWISE.
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5 . 1 .  L i o d i f i c a t i o n s  to  P r i n c i p a l  C a l o r i m e t r y  
  A p p a r a t u s ._____________________
The a p p a r a t u s  u s e d  i n  t h e  e x p l o r a t o r y  e x p e r i m e n t s  
was c o n s i d e r e d  b a s i c a l l y  s u i t a b l e  f o r  t h e  main s e t  
'of  e x p e r i m e n t s ,  t h e  d e s i g n  f o r  which i s  d i s c u s s e d  i n  
S e c t i o n  6.  However, s i n c e  t h e  most i n t e r e s t i n g  ch an g e s  
were  t a k i n g  p l a c e  i n  t h e  lo w e r  p a r t s  o f  t h e  f l a m e ,  t h e  
b o t to m  two one f o o t  h i g h  c a l o r i m e t e r s  were  r e p l a c e d  by 
s i x  c a l o r i m e t e r s ,  each  4 i n c h e s  h i g h  w i t h  one s i g h t i n g  
h o l e  i n  each  c a l o r i m e t e r .  T h is  m o d i f i c a t i o n  was 
i n t e n d e d  t o  g i v e  more i n f o r m a t i o n  i n  t h i s  r e g i o n .  To 
p r o v i d e a l o n g e r  f l o w  p a t h  f o r  t h e - w a t e r  and p r e v e n t  
s h o r t - c i r c u i t i n g ,  a b a r r i e r  w a s 'u s e d  i n  t h e s e  s h o r t e r  
c a l o r i m e t e r s ,  t h e  w a t e r  b e i n g  b o th  f e d  and d i s c h a r g e d  
c l o s e  to  t h e  to p . .  A d r a w in g  i s  shown a s  F i g .  8
To t r y  and smooth t h e  g as  su p p ly  p r e s s u r e  f u r t h e r ,  
a s eco n d  r e g u l a t o r  s e t  a t  3 i nw .g .  was i n t r o d u c e d  i n t o  
t h e  gas  c i r c u i t .
S in c e  t h e  a p p l i c a t i o n  o f  sound p r o d u c e d  a back  
p r e s s u r e  i n  t h e  gas s u p p ly  s y s te m  and i t  "would have  
b een  n e c e s s a r y  to  a l l o w  f o r  t h i s  i n  s e t t i n g  t h e  
m a g n i tu d e  o f  t h e  p r e s s u r e  i f  t h i s  p r o p e r t y  w ere  u s e d  as  
a c o n t r o l l e d  v a r i a b l e ,  i t  was d e c i d e d  i n s t e a d  to  u s e  
gas  f l o w  r a t e  d i r e c t l y  as  a v a r i a b l e .  A R o ta m e te r  
f l o w m e t e r  was t h e r e f o r e ' i n t r o d u c e d  i n t o  t h e  gas  su p p ly  
l i n e .  I t  was c h eck ed  a g a i n s t  a c a l i b r a t e d  g a s  m e t e r
tn too
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b u t  was found  t o  n eed  n o . c o r r e c t i o n . .
The s u p p o r t i n g  f rame o f  t h e  a p p a r a t u s  im m e d ia te ly  
s u r r o u n d i n g  t h e  b u r n e r  and p r e s s u r e  u n i t  was l i n e d  
w i t h  s o f t  a s b e s t o s  J>oard t o  m in im is e  sound r e f l e c t i o n .
5 . 2 .  S u c t i o n  P y r o m e t e r .
A new s u c t i o n  pyrom e ' te r  was c o n s t r u c t e d  b a se d  on 
th e  u s u a l  p r i n c i p l e s  which may be c o n v e n i e n t l y  l i s t e d  
as  a im in g  t o  a c h i e v e
(a )  maximum h e a t  t r a n s f e r  from h o t  g a s  to  
t h e r m o c o u p le  t i p  by c o n v e c t i o n ,  'by g i v i n g  t h e  gas  a 
h i g h  l i n e a r  v e l o c i t y .
(b)  minimum f lo w  r a t e  o f  ga s  volume p a s t  t h e  
t h e r m o c o u p le  to  c a u s e  minimum d i s t u r b a n c e  to  the .  gas  
f lo w  i n  t h e  a p p a r a t u s ,
( c )  minimum c o n d u c t i o n  o f  h e a t  a l o n g  t h e  
th e r m o c o u p le  w i r e s  by u s i n g  f i n e  w i r e s .
(d) minimum r a d i a t i o n  l o s s  to. c o ld  com b u s t io n  
t u b e  w a l l s  from t h e  t h e r m o c o u p le  t i p  by t h e  u s e  o f  
r a d i a t i o n  s h i e l d s  which  a r e  h e a t e d  up by t h e  g a s ,
( e )  minimum r e s p o n s e  t im e  by making t h e  p y r o m e t e r  
w i t h  t h e  minimum p r a c t i c a b l e  h e a t  c a p a c i t y .
The i n s t r u m e n t  c o n s t r u c t e d  i s  shown i n  F i g ,  9.
I t  c o n s i s t e d  o f  a P t / P t - 1 3 % Rh th e r m o c o u p le  0 . 0 1 0 M 
diam  s u p p o r t e d  i n  a t w i n  h o l e  c e ra m ic  i n s u l a t o r  w i t h  
h o l e s  o f  O.OfO” d i a m e t e r ,  and wrapped i n  a s p i r a l ' o f  
s i x  t u r n s  o f  n i c k e l  f o i l  o f  0 . 0 0 6 8 ” t h i c k n e s s  mounted
- 5 1 -
I
i n  a s t a i n l e s s . s t e e l  t u b e  o f  3 2 n b o r e .  In  o r d e r  
t o  g i v e  t h e  r e q u i r e d  v e l o c i t y  a t  a low volume f low  
r a t e ,  t h e  n i c k e l  was b l a n k e d  o f f  w i t h  ■■.aluminous 
cement  so t h a t  .gas  c o u ld  f lo w  o n ly  i n  t h e  h o l e s  o f  
t h e  c e ra m ic  i n s u l a t o r s  im m e d ia te ly  s u r r o u n d i n g ’ t h e  
t h e r m o c o u p l e  w i r e s .  S u c t i o n  was a p p l i e d  by f i t t i n g '  
a c o n v e n t i o n a l  rne ta l  f i l t e r  pump u n i t  as  an e j e c t o r  
o p e r a t e d  w i th  com pressed  a i r  and c o n n e c te d  t o  t h e  
s t a i n l e s s  s t e e l  t u b e  th r o u g h  a w a te r  c o o le d  s i d e - a r m .
The l e a d s  of  t h e  t h e r m o c o u p l e  were  l e d  o u t  t h r o u g h  a 
b l o c k  o f  a lu m in o u s  cement on t o  a t e r m i n a l  b lo c k  t h e n  
c o n n e c t e d ’w i th  c o m p e n s a t in g  l e a d s  to  t h e  c o ld  j u n c t i o n ,
. The maximum f lo w  r a t e  was 1 2 , .5 f t  / h r m e a s u r e d  
on a f l o w m e te r ,  c o r r e s p o n d i n g  to  a l i n e a r  v e l o c i t y  i n  
t h e  c e r a m ic  h o l e s  o f  3 9 8 f t . / s e c .  T h is  f lo w  r a t e  was 
c o n s i d e r e d  s a t i s f a c t o r y  i n  r e l a t i o n  to  a  t o t a l  f l u e  
g a s  f lo w  r a t e  o f  t h e  o r d e r  o f  J O Q , and on 
v i s u a l  i n s p e c t i o n  o f  t h e  i n t r u m e n t  i n  u s e  c o u ld  be s e en  
to  be c a u s i n g  v e r y  l i t t l e  d i s t u r b a n c e  t o  t h e  f l a m e .  
A c c o rd in g  t o  t h e  p r a c t i c a l  d e s i g n  t a b l e s  i n  t h e  p a p e r
45by Land and B a r b e r  t h e  e f f i c i e n c y  w i t h  t h i s  d e g r e e  o f  
s h i e l d i n g  and t h i s  l i n e a r  v e l o c i t y  s h o u ld  e x ce ed  99$ 
f o r  g a s e s  a t  t e m p e r a t u r e s  be low 1000°C,
As a f i n a l  r e f i n e m e n t  a f u r t h e r  r a d i a t i o n  s h i e l d  
was f i t t e d  as  a s h o r t  T - p i e c e  a t  t h e  end o f  t h e  m ain  t u b e .
U.4-
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5 . 5 .  Gas A n a l y s i s  Appa r a t u s .
For  a n a l y s i s  o f  t h e  f i n e  g a s e s  t h e  Gooderham
52r a p i d  gas  a n a l y s i s  a p p a r a t u s  was u s e d .  .. T h is  i s
e s s e n t i a l l y  a s e r i e s . o f  4  sOap f i l m  m e t e r s  be tw een
which t h e r e  a r e  r e s p e c t i v e l y ' a so d a - l im e  t u b e  to
remove cog, a  t u b e  o f  s u l p h i d e d  i r o n  o x i d e  t o  remove
55Og and a t u b e  o f  t h e  K a t z - H a l p e r n  r e a g e n t  t o  o x i d i s e  
co i n  t h e  c o l d ,  f o l l o w e d  by so d a  l im e  t o  remove t h e  
cog .  The s u c c e s s i v e  r e d u c t i o n s  i n  volume f lo w  r a t e  
a t  c o n s t a n t  p r e s s u r e  m easu re  t h e  p r o p o r t i o n  o f  c o n s t i t u e n t  
rem oved.  T h is  a p p a r a t u s  r e q u i r e s  f i f t e e n  m in u te s  t o  
a t t a i n  e q u i l i b r i u m  and t h e n  p e r m i t s  a n a l y s e s  t o  be 
c a r r i e d  o u t  i n  2 t o  5 m in u te s  e a c h ,
5 .4*  T h e rm o p i le  R e - c a l i b r a t i o n .
The t h e r m o p i l e  was r e - c a l  h a l f  way t h r o u g h
t h e  main group  o f  e x p e r i m e n t s  and t h e  r e s u l t a n t  l i n e  
u s e d  i n  t h e  r a d i a t i o n  m easu re m e n ts .  R e a d in g s  were  t a k e n  
w i t h  t h e  b la# k '  body f u r n a c e  a t  824°C, 9 d 6 °C , 1075°C > and 
l l 6 l ° 0 .  In  o r d e r  t o  examine t h e  p o s s i b i l i t y  o f  e r r o r s  
due  t o  m is a l ig n m e n t  o f  t h e  s i g h t i n g  t u b e s ,  r e a d i n g s  were  
t a k e n  a t  each  s i g h t i n g  h o l e .  I t  was foun d  t h a t  t h e r e  
was no a p p r e c i a b l e  d i f f e r e n c e  e x c e p t  i n  t h e  c a s e  o f  
c a l o r i m e t e r  2 ,2  ( l 6 n- 20 ,i f rom  b a s e  of  t u b e )  where  t h e r e  
was a s t r u c t u r a l  d e f e c t  Yirhich c o u ld  n o t  e a . s i l y  b e . p u t  
r i g h t .  U s in g  r e g r e s s i o n  a n a l y s i s  one c a l i b r a t i o n  l i n e
■
-5 3 “
was c a l c u l a t e d  fo r-  t h i s  c a l o r i m e t e r  , p o o l i n g
a l l  r e m a in i n g  r e s u l t s ,  f o r  a l l  o t h e r  . s i g h t i n g  h o l e s .  
S in c e  t h e  l i n e  was t o  be  u s e d  b o t h  f o r  d e t e r m i n i n g  
r a d i a t i o n ; r a t e  and r e l a t i v e  t h e r m o p i l e  r e s p o n s e  b o th  
r e g r e s s i o n  l i n e s  were c a l c u l a t e d  i n  each  c a s e  i . e .  
y on x .and x on y . They were c l o s e  "enough t o  show/ t h a t  
t h e  p o i n t s  were  v e ry  c l o s e  t o  a s t r a i g h t  l i n e  and t h e  
mean e q u a t i o n  c o u ld  be u s e d ,  I f  x i s  i n  mv. and y i n  ■ 
c a l ,  / c i / .  s e c .  .
1 2 .
G e n e r a l  C a l i b r a t i o n . y~ 6 ,2 2 1  x -  0 ,0 0 2 )
)mean y=6 . 224x 
y -  6 .2 2 7  x + 0 . 0 0 2 )
2 AOr i n  B t u / f t  h r .  -  8 ,2 7 8  x 10 x
C a l i b r a t i o n  f o r  h o l e  2 . 2 . 1 3 ,
y«s 6 ,6 6 6  x -  0 , 0 3 2 )
) mean y^6 . 666x 
y« 6 .6 6 7  x -  O.O3 2 ) - 0 , 0 3 2 .
Or i n  B t u / f t 2h r .  -  8 .8 6 6  x 1 0 -  4 . 2 5 S x l 0 2 .
These  l i n e s  a r e  snown i n  F i g ,  10 and were  u s e d  i n  
a l l  e x p e r i m e n t s  e x c e p t  No.04  ( s e q u e n c e  l e t t e r  3B) where  
t h e  r e s u l t s  were  u n s a t i s f a c t o r y  and were  r e p e a t e d  two 
m onths  a f t e r  t h e  main s e t  o f  e x p e r i m e n t s .  For t h i s  
r e p e a t  d e t e r m i n a t i o n ,  t h e  t h e r m o p i l e  was a g a i n  r e -  
c a l i b i a t e d  and was t h e n  fo u n d  t o  g i v e  a r e s p o n s e  o f
z  2
1 mv. p e r  b .310  c a l / c m  s e c .
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For g e n e ra t in g  the  v i b r a t i o n s  a Marconi Audio 
T e s te r  Type T'F 894A was employed. This i s  a beat  
f requency o s c i l l a t o r  with an ou tpu t  meter.  Three 
s e p a r a t e  ou tpu t  t a p p in g s  a re  a v a i l a b l e  p ro v id in g  a 
choice  of  source impendences a t  oOO ohms, 15 ohms 
and 3 ohms. Power consumption i s  about 60 w a t t s  and 
the  t o t a l  f requency range 50' c * p .s ,  to 2J  K c .p . s .
To match the  15 ohm impedance of th e  Vitavox GPl 
p r e s s u r e  u n i t ,  the  15 ohm o u tp u t  tapp ing  was used .  Thi 
p r e s s u r e  u n i t  i s  a p u b l i c  add ress  type which i s  
normally  f i t t e d , w i t h  an e x p o n e n t ia l  horn (tap to  75") 
or m u l t i c e l l  h o rn s .  I t  i s  capable  of h a n d l in g  20 w a t t s  
I t s  cont inuous o u tp u t  curve i s  shown in  F i g . 13 .
Sound p r e s s u r e  was measured by th e  moving c o i l  
probe microphone Type STO 4034B mentioned in  S ec t ion  .
4 .  A photograph of i t  in  use  i s  shown in  F i g . 11 and 
th e  c a l i b r a t i o n  curve in  F ig .  12. The ou tpu t  was 
de te rm ined  on a BPO. A. 0. va lve  voli&ietar Model 
VM 348/0 which has 9 ranges in c lu d in g  1 ,3 ,1 0 ,3 0 ,1 0 0 ,  
and 300 mv,
5 .6 ,  Gas Supply Tube.
In o rder  to  e l u c i d a t e  the  causes of  th e  
v a r i a b i l i t y  in  th e  peak f r e q u e n c i e s  and the  changes 
o f  magnitude of the  e f f e c t s  on the  f l am e  a t  one
-55~
f r e q u e n c y  and c o n s t a n t  power o u t p u t ,  t h e  a c o u s t i c  
r e s p o n s e  cu rve  o f  t h e  gas s u p p ly  tu b e  d e s c r i b e d  i n  
S e c t i o n  3*3» was d e t e r m i n e d .  The gas  b u r n e r  was 
i n c l i n e d  from t h e  no rm a l  p o s i t i o n  to  p e r m i t  i n s e r t i o n  
o f  t h e  p r o b e  t u b e  i n t o  t h e  j e t  a s  shown i n  t h e  p h o t o g r a p h  
F i g .  11 .  The gas  sy s te m  was p u r g e d  w i t h  g a s ,  t h e  p r o b e  
t u b e  i n s e r t e d  i n  t h e  j e t  s e a l i n g  t h e  j e t  w i t h  t h e  
r u b b e r  s l e e v e  on t h e  t u b e  and t h e  f i n e  c o n t r o l  v a l v e  
s l i g h t l y  opened t o  g i v e  l " w . g .  p r e s s u r e  in '  t h e  t u b e .
T hese  p r e c a u t i o n s  were  t a k e n  b e c a u s e  i t  was found  t h a t  
e n t r y  o f  a i r  i n t o  t h e  b u r n e r  was an a d d i t i o n a l  s o u r c e  
o f  f l u c t u a t i o n  i n  t h e  r e a d i n g s .  The b a c k g ro u n d  r e a d i n g  
o f  t h e  ve . lve v o l t i m e t e r  was 0 . 1  mv and t h i s  was d e d u c t e d  
f ro m  o b s e r v e d  r e a d i n g s .  Each r e a d i n g  be low  i n  T a b le  5 
i s  a r e v e r s a l  o f  t r e n d .  The o s c i l l a t o r  was s e t  t o  4  ^  
o u t p u t  c o r r e s p o n d i n g  t o  1 .0 7  w a t t s ,  f o r  e ach  m easu re m e n t .
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T a b le  5 A c o u a t i c  R esponse  o f  g a s Feed P i p e Btji
iFrequency
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\
|
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. 1.. . .... ......... .........  - t . J -----: —
M i c r , S e n s . 
d b . r e l . ' t o  
±mv.-/dyne/ 
cra^
i
i
Sound P r e s s ,  J 
Dynes/cm^ •
5 o
i
4 8 .5 - 3 8 . 0 3 .8 5  x i 0 3
100 7 .3 0 - 38 .0 O .58O
150 153 - 3 8 .0 1 2 ,2
230 145 - 3 7 .5 1 0 .9
310 33-0 - 3 7 .0 '2 .3 4
340 138 - 3 7 .0 9 .7 7
370 101 - 3 6 .5 6 .7 5
490 170 - 3 6 . 5 1 1 .4
540 1 1 .0 - 3 7 . 0 0 .7 7 9
655 138
O•OOK'V1 1 1 .0
755 1 0 .4 - 3 8 .0 0 .8 2 6
845 153 - 3 8 .5 1 2 .9
975 46 - 3 9 . 0 4 .1 0
995 5 3 .0 - 3 9 . 0 4 .7 2
1005 5 1 .5 - 3 9 . 0 4 .5 9
1130 130 - 3 9 . 0 1 1 .6
1200 7 .7 5 - 3 9 . 0 0 .6 9 1
1300 126 - 3 9 . 5 1 1 .9
1410 1 0 .5 - 3 9 . 5 0 .9 8 2
1490 121 - 3 9 . 5 1 1 .4
1590 8 2 .5
OCT\
K\I 7 .3 5
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T a b le  *5. Coirt .
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2100 7 .3 5 - 3 8 . 5 0 .6 1 9
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04 • 4J1 OO
2210 4 1 .0 - 3 7 . 5 3 .0 8
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2 6 0 0 , 102 - 3 6 . 5 6 .8 2
2790
CO*00K\ - 3 7 . 0 2 .75
2900 172 • - 3 7 . 5 1 2 .9
3000 5 7 .8 - 3 8 .0 4 .59.
3150 116 - 3 8 .5 9 .7 6
3200 1 8 .2 - 3 9 . 0 1 .6 2
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3430 8 3 .0 -4 1 9 .3 1
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Frequency! 
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mv. |
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cxor
Sound P re s s  j 
Dynes/cm j
j
3S00 |
. ..  " 1 'i
2 7 .0 0  j - 4 2 .5 3 .8 2
3740 ||
8 6 .1 -4 5 1 5 .3 i
3820 j 2 0 .5 - 4 6 4 .0 9  |
3970 | 7 9 .0 - 4 9 2 2 .3
4050 j 1 6 .8 -5 0 5 .3 1  '|
4100 |I
6 6 .0 - 4 9 1 9 . 2  S
4300 I 3 1 .O - 4 0 3 .1 0
4400 6 7 .0 -3 5 3 .7 7 i
4510 12.J2 - 3 2 . 5 0 .5 0 6
4700 j 3 2 .5 -3 2 ■1 . 2.9
4750 I 5 .7 5 - 3 2 0 .2 2 9
4780 !
j
2 0 .8 - 3 3 1 .1 7
1
4990 | 4 . 3 5 - 3 4 0 .2 1 8
5100 ! 7 .6 0 - 3 4 . 5 0 . 4 0 4
These r e s u l t s a re  shown gr;vph ica l ly  in  Fig
Becau se  t h e  r e v e r s a l s  o c c u r r e d  a t  n a r r o w  i n t e r v a l s  
o f  f r e q u e n c y  t h i s  g r a p h  w i l l  be a c l o s e  a p p r o x i m a t i o n  
to  t h a t  which would be g iv e n  by a c o n t i n u o u s •r e c o r d e r .  
I t ^  i r r e g u l a r i t i e s  were  e v i d e n t l y  n o t  due  to  th e  
c h a r a c t e r i s t i c s  o f  t h e  p r e s s u r e  u n i t ,  which  can  be 
.:Seen f rom t h e  I n s e t  on F i g . 1 3  t o  have  a f a i r l y  s t e a d y
- 5 9 -
response  between 500 c .p * s .  and 6000 c . p . s .
These i r r e g u l a r i t i e s  were a source of g re a t
d i f f i c u l t y  i n . s t a n d a r d i s i n g  the  sound p r e s s u r e  fo r
exper im en ta l  work because the  curve was a lso  
\
s l i g h t l y  s h i f t i n g  c o n t in u a l ly .  Thus a given power 
inpu t  a t  a given frequency to  the  p r e s s u r e  u n i t  
t e rm in a l  d id  not produce a co n s tan t  response  a t  the 
j e t  nor a co n s tan t  e f f e c t  on the  f lame. The 
changes were presumably due to  the  v a r i a t i o n s ,  in  
p r o p e r t i e s  of the  town gas r e s u l t i n g  in  two sources  
of f l u c t u a t i o n  in  th e  re sp o n se ,  namely, v a r i a b l e  
a t t e n u a t i o n  of the  v i b r a t i o n s  and v a r i a b l e  wavelength 
corresponding  to  a given f requency a l t e r i n g  th e  
system of  resonances .  These a re  d is c u s se d  below.
(a) V a r ia t io n  o f  a t t e n ua t i o n .
This was cons idered  th e  l e s s e r  e f f e c t .  A t te n u a t io n
occurs  in  a i r  in  accordance w ith  the  equa t ion
o 14-«
d a  6600 c 
n 2
where c « v e l o c i t y  of  sound,ns  f req u e  ncy in  cyc les  
p e r  second and d i s  the  d i s t a n c e  from th e  source of
1
ta&e v i b r a t i o n s  a t  which the  am pli tude  i s  reduced to  e 
of t h a t  source .  A s i m i l a r  equ a t io n ,  pe rhaps  with  a 
d i f f e r e n t  co n s tan t  w i l l  e v id e n t ly  apply to  town gas .
where P m a b s o lu te  p r e s s u r e  )
) i n  c o n s i s t e n t  u n i t s  
d e n s i ty  ) w ith  the  v e l o c i t y .3
>> = r a t i o  of s p e c i f i c  h e a t s .
Of th e se  proper  t i e s V  and c -  p a r t i c u l a r l y  the  form er-  
a re  c o n t in u a l ly  v a ry in g  w i th in  l i m i t s  in  town gas 
which must r e s u l t  in  v a r i a t i o n  in  the  v e l o c i t y  and ■ 
t h e r e f o r e  the  a t t e n u a t i o n .
( b) V a r ia t io n s  in  Resonance P a t t e r n .
Resonances w i l l  occur a t  f r e q u e n c ie s  correspond ing  
to  wavelengths which co inc ide  w ith  the  l e n g th  of gas 
columns in  v i b r a t i o n .  Frequency and wavelength are
J
r e l a t e d  by the simple ecua t ion
’  V . m i -
‘ C «  K  A
where i s  the  wavelength .  While t h e r e  a re  no p e r f e c t
simple a c o u s t ic  systems p r e s e n t  i t  i s  l i k e l y  t h a t
s e v e r a l  gas columns in  the ap p a ra tu s  w i l l  r e s o n a te  as
though in  tubes  c lo sed  a t  one end and open a t  th e  o th e r .
Their  c h a r a c t e r i s t i c  wavelengths w i l l  t h e r e f o r e
approximate to  fou r  t imes th e  le n g th  of th e  r e s p e c t i v e
gap columns w h i l e  h a rm o n ic s  rare g iv e n  by t h e  w a v e l e n g th s  
1 1 1
o f  the  s e r i e s  3> 5> 7 e t c ,  of th e se  l e n g t h s .  In 
accordance w ith  eq ua t ion  lo  i t  can be seen  t h a t  v a r i a t i o n  
in  th e  v e lo c i ty "  of  sound v i b r a t i o n s ,  would r e s u l t  in
- 61-
f l u c t u a t i o n  i n  th e  resonance f r e q u e n c ie s ,  &o t h a t  
a t  any given a p p l ie d  frequency the  response  would 
vary .  This was thought to be the  major cause of 
th e  f l u c t u a t i o n  in  response  to  a co n s ta n t  power 
inpu t  a t  the  p r e s s u r e  u n i t .
As a f i r s t  check on t h i s  i n t e r p r e t a t i o n ,  the  
re sponse  a t  one f requency was examined over  a p e r io d  
of hours  with  a i r  in  the bu rner  tube and was found to  
be v i r t u a l l y  c o n s ta n t .  In a d d i t io n  both  th e  audio 
t e s t e s r  and the  p r e s s u r e  u n i t  -  s e p a r a t e ly  and connected— 
were checked a t  th e  l a b o r a t o r i e s  of  the  r e s p e c t i v e  
m anufac tu re rs  f o r  accuracy and s t a b i l i t y .  They were 
found to  be in  p e r f e c t  c o n d i t io n .  I t  would have been 
p r a c t i c a b l e  to  have worked w ith  an i r r e g u l a r  response  
curve f o r  a gas of co n s tan t  ( a c o u s t ic )  p r o p e r t i e s  s in c e  
a p a r t i c u l a r  o u tp u t  a t  one frequency would have 
produced a co r responding  s i n g l e  p r e s s u r e  a t  the  j e t  
d e s p i t e  the  d i f f e r e n t  response  a t  o th e r  f r e q u e n c ie s ,
But th e  combination of  an i r r e g u l a r  re sp o n se  curve 
and v a ry in g  com posit ion  would have s e r i o u s l y  h inde red  
r e l i a b l e  q u a n t i t a t u r e  work. I t  was t h e r e f o r e  necessa ry  
to  t r y  to  smooth the  response  curve.
The lowest  f requency ,  which could t h e r e f o r e  be.  
g iv in g  r i s e  to a s e r i e s  of o v e r to n e s ,  was ev id e n t ly  t h a t  
due to the v i b r a t i o n  of  the  gas column in  the  long
- 62-
h o r i z o n t a l  l im b ,  F o r  t h e  r e a s o n s  s e t  o u t  e a r l i e r '  i t  
was c o n s i d e r e d  d e s i r a b l e  to  r e t a i n  t h i s  h o r i z o n t a l  
l im b  d e s p i t e  t h e  c o m p l i c a t i o n s  p r o d u c e d .
I t  was t h o u g h t  p o s s i b l e  t h a t  t h e  r e p l a c e m e n t  o f  
t h e  cop p er  t u b e  i n  t h i s  h o r i z o n t a l  by a r u b b e r  tu b e  
m ight  l e a d  to  some damping o f  t h e  o s c i l l a t i o n s ,  A 
-g-” b o re  r i b b e d  h o s e  p i p e  was f i t t e d  and t h e  r e s p o n s e  
c u r v e  d e t e r m i n e d .  T h is  t r i a l  was u n s u c c e s s f u l  and t h e  
r e a d i n g s  xvere v i r t u a l l y  d u p l i c a t e s  o f  t h o s e  w i t h  t h e  
c o p p e r  tube*  A f u r t h e r  t r i a l  was c a r r i e d  o u t  u s i n g  
s o f t  l a b o r a t o r y  r u b b e r  t u b i n g  f 1 i n n e r  d i a m e t e r  -gnw a l l  
t h i c k n e s s  w i t h  no r i b b i n g  and t h i s  gave  a b i g  im provem en t ,
j
T h is  a r r a n g e m e n t  was c a l l e d  G-as Feed P i p e  0, For  w id e ,
46d o u b l e - o p e n - e n d e d  g as  f l u e s  i t  h a s  p r o v e d  p o s s i b l e  
i n  a d e v e lo p m e n t  o f  e a r l i e r  w o r k ^  t o  s u p p r e s s  n o i s e  by 
f i t t i n g  a c l o s e d  end t u b e  h a l f  way a lo n g  t h e  open end 
tube*  The t h e o r y  i s  b a se d  on t h e  f a c t  t h a t  t h e  f u n d a m e n ta l  
o f  a d o u b l e  open  ended t u b e  1 3  t w i c e  t h e  l e n g t h  o f  t h e  
t u b e  w h i l e  t h a t  o f  a t u b e  open one end c l o s e d  a t  t h e  
o t h e r  i s  four , t i m e s  t h e  ( c o r r e c t e d )  l e n g t h  o f  t h e  t u b e ;  
t h e  a m p l i t u d e  n ode  and a n t i - n o d e  sy s te m s  f o r  t h e  
f u n d a m e n ta l  a r e  as  shown be low  :~
Open ended t u b e :  A.______________ S_____ _ _  A
Tube open one end,  c l o s e d  o t h e r  end:  A N 1
Thus i f  t h e  c l o s e d  end t u b e  i s  p l a c e d  as  a  sid.earm
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a t t a c h e d  to  t h e  m i d - p o i n t  o f  t h e  d o u b le  open end 
t u b e  t h e  a n t i - n o d e  a t  t h e  open  end o f  t h e  fo rm er  
i n t e r f e r e s  w i th  t h e . n o d e  o f  t h e  wave sy s te m  o f  t h e  
d o u b l e  open ended  tu b e ;  t h e  two s t a n d i n g  wave sy s te m s  
t h e r e f o r e  n e u t r a l i s e  one a n o t h e r .  A p p l i e d  t o  s im p le  
f l u e  s y s t e m s ,  t h i s  method was r e p o r t e d  t o  e l i m i n a t e  
t h e  r o a r  from t h e  f l u e s  a lm o s t  c o m p l e t e l y .
An a d a p t i o n  of  t h i s  method was t r i e d  on t h e  gas  
s u p p l y  t u b e .  The h o r i z o n t a l  was c o n s i d e r e d  as  4
a p p r o x i m a t i n g  t o  a c l o s e d - e n d e d  tu b e  w i t h  t h e  c l o s e d  
end a t  t h e  f i& e  c o n t r o l  v a l v e  and th e  open--end l e a d i n g  
i n t o  t h e  bend*.'
j
In  o r d e r  t o  p r o d u c e  t h e  same ty p e  o f  i n t e r f e r e n c e  
a s  b e f o r e  i t  was now e v i d e n t l y  n e c e s s a r y  t o  f i t  a c l o s e d  
end t u b e ,  w i th  t h e  open end o f  t h e ' i n t e r f e r i n g  t u b e  
c l o s e  t o  t h e  c l o s e d  end o f  t h e  r e s o n a t i n g  t u b e .  T h is  
s h o u l d  t h e n  c o u n t e r p o s e  th e  two “wave s y s t e m s ,  The 
l e n g t h  a d o p te d -w a s  t h a t  o f . t h e  h o r i z o n t a l  l im b  
e x c l u d i n g  t h e  bend b u t  w i t h  a  T - p i e c e  added  n e a r  t h e  
fi&’-e c o n t r o l  v a l v e ,  A 27" p i e c e  o f  s o f t  l a b o r a t o r y  
r u b b e r  t u b i n g  •§" i n n e r  d i a m e t e r ,  -|-n w a l l  t h i c k n e s s  
was t h e r e f o r e  f i t t e d  c l o s e  t o  t h e  fixxe c o n t r o l  v a l v e ,  
swept  t h r o u g h  w i t h  c o a l  gas  and t h e  end p l u g g e d .  T h i s  
a r r a n g e m e n t  was c a l l e d  P i p e  D. T h e t r e s p o n s e  c u rv e  was 
t h e n  d e t e r m i n e d .  R e s u l t s ,  a r e  shown i n  T a b le  6 and
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F i g .  14 .  A l th o u g h  i n t e r f e r e n c e  was n o t  v e ry  marked,
t h e r e  a p p e a re d  to  be some sm o o th in g  and two u s a b l e
" p l a t e a u x "  were p r o d u c e d  o v e r  t h e  f r e q u e n c y  r a n g e s
450 to  ~(QQ and 1400 to  2100 r e s p e c t i v e l y ,  In  v iew
o f  t h e  im p o r tan c e ,  o f  t h i s  o u t  come, i t  was checked  i n
d u p l i c a t e  a t  b o th  4 v o l t s  o u t p u t  f rom  t h e  a u d io  t e s t e r ,
c o r r e s p o n d i n g  to  1 -,,Q7  w a t t s ; at  ' t h e  p r e s s u r e  u n i t  and at  6
v o l t s  output  co rresp o n d in g  to  2 ,4 1  w a t t s ;  the  c o n c lu s i o n s  
were confirm ed.
F i n a l l y ,  s t a b i l i t y  t r i a l s  were  c a r r i e d -  o u t  o v e r
a b o u t  2 h o u r s  each  a t  a -number o f  f r e q u e n c i e s  by
i
s e t t i n g  t h e  o u t p u t  t o  g i v e  a - f i x e d  r e a d i n g  o f  5^ mv, 
f rom  t h e  m ic ro p h o n e  w i t h  1" w ,g ,  gas p r e s s u r e  i n  t h e - 
g a s  s u p p ly  t u b e .  Under the- c o n d i t i o n s  o f  m easurement  
t h e r e  was a  s low c o n t i n u o u s  gas  l e a k  a t  t h e  j e t  b u t  
t h i s  was s u p p le m e n te d  by p a s s i n g  a bou t  a c u b ic  f o o t  
o f  gas  ev e ry  f i f t e o n  m in u te s  t h e n  r e s t o r i n g  t h e  
m ic ro p ho n e  to  p o s i t i o n .  T hese  t r i a d s  c o n f i r m e d  t h e  
i m p o r t a n c e  o f  t h e s e  f l a t t e r  r e g i o n s  o f  t h e  r e s p o n s e  
c u r v e .
•Sh­
F re q u en cy A: d io  
'-b S e t t
J e s t e r • 
ing.- .
Range o f  Microphone p r e s s u r e  
R e a d in g s .  l e a u i v . t o
Vo I t  s . W a t t s . I n  inv. C o r r e s p o n d in g  
Dynes/cm^
50 tnv.
600 1 .0 0 .0 6 7 46-51 3 . 9 0 - 4 . 3 2 x 1 0 ^ 4 .2 4 x 1 0 ^
1700 3 . 2 0 .6 8 3 50-56 4 .4 3 -4 .9 6 x io 3 4 .43X 103
3200 4 .8 1 .5 3 6 26-52 2 . 30- 4 . 60x1 0 ^ 4 . 4 3 x l 0 3
3800 3 .3 0 .7 2 6 39-60 6 .2 0 - 1 2 .8 x 1 0 ^ 10 .6x10
i t  was t h e r e f o r e  d e c i d e d  to  u s e  o n ly  t h e  f r e q u e n c i e s  
600 c . p . s .  and 1700 c . p , s ,  i n  t h e  f a c t o r i a l  g roup  o f
e x p e r i m e n t s  d i s c u s s e d  l a t e r .
T a b le  6 .  A c o u s t i c  R esponse  df> Gas Feed P i p e  D 
 _______Power a t  P r e s su r e 1 U n i t  T e r m in a l s  1 . 0 7  w a t t s .
i
I r requency
c . p . s .
.
■D - •R e a a m g  
rnv,
i
b i e r . S e n s ,  
d b . r  e l . 1 0 
1m v . /d y n e /  
cm
Sound P r e s s  
D y n e s / cm
55
0ajOJ 38 1 .75X103
75 40 36 38 3.01
n o 7 .4  6.(2 ■ 38 0 .5 4
155 225 205 38 17.08
200 140 110 37.5 9.40
285 60 5 0 37 3.90
310 168 175 • 37 12.16
430 65 70 36.5 5 U 7
455 175 205 36.5 12.67
r f
- D O —
.Table 6,  P o n t .
jJ1
' r e  quench 
«P. B.
Kgadin  
rnv.
g ;i.ilor. S ens . : 
i d b . r e l . t o  j 
jlmv. / d y n e / ! 
; cm j
Sound P re ss  
Dynes/om^
§45 140 .140 37 9.86
710 180 190 38 14.69
795 22.5 29 iI 38 2.06
930 100 105 39 9.07
990 n o 120 39 . !
.
10.17
1120 21.5 24 jI 39 2.01
1210 128 130 39.5
j
. 12.17 1
1410 73 67 39.5 6.60  !1
1510 84 94 39. 7.88
1590 53 62 39. 5 .0 9
1650 82
.
80 3 9- 7.17
1700 63 63 39 . 5.58
1800 94 95 39 8.36
1900 60 60 39 5.31
2150 96 92 3§ 7.47
2780 19 17 3 7 . i . 27
2900 35 43 37'.5 3.00
3100 18 14 38.5 1 .33  .
3160 . 40 40 39. .; 3 .5 4
3-350 34 35 4 0 .5 3.63
3400 48 50 40.5 5.16
- 6 7 -
Ta b l e  6. P o n t .
F re q u en cy
c . p . s ,• . '
i
R e a d in g
mv.
i
M i c r .S e n s j  j
d b . r e l . t o  j  
I m v ^ / d y n e /  s
cm |
- ■ i
Sound P r e s s  
Dynes/cm 2
3500
I
43 ' 45 
130 !
41 4.89
3560, 94 130 42 t 16.37
3700 39 48 44.5 7.25
3800 53 68 46 j 12.08
01—1
cor<~\ 43 47 46 i 8.00
3900 61 57
i
47 ; 13.11
3990 41 42 5° j 13.12
4000 75 87 50.5 27.00
4200 34 ->38 '44 :l} 5.71
4250 54 54 40
}
5.40
4400 40 40
;
35 2.25
4500 50 50 32.5 2.10
4S0Q 24 30 32 1.07
4800 70 65 33 . 3.00
4990 18 23 34 !
1.03
■
An a t t e m p t  was made to  i n t e r p r e t  t h e  peak©;, o f  t h e  
r e s p o n s e  c u rv e  as r e s o n a n c e  f r e q u e n c i e s .  U s ing  
f o r m u la  1 5 ? a ssu m in g  town g a s  a t  s t a n d a r d  p r e s s u r e  h* 1" 
w . g . ,  ( 1 , 0 1 5 ,6 9 0  d y n e s /c m 2 ) and a t  a r e p r e s e n t a t i v e  
t e m p e r a t u r e  o f  20°C, t h e  g as  h a v i n g  a s p e c i f i c  g r a v i t y
- 68-
o f  0 ,4 6  r e l .  to  d r y  a i r ,  t h e  v e l o c i t y  o f  sound works
o u t  t o  50?100 c m s / s e c  o r  l b 4 4 f t . / s e c .  T h i s  a g r e e s
r e a s o n a b l y  w i th  t h e  r e p r e s e n t a t i v e  v a l u e  g i v e n  by 
48Lawley o f  5 0 0 m , / s e c .  a t  N .T .P .  I f  t h i s  i s  c o n v e r t e d
49
by th e  a p p ro x im a te  fo r m u la  f o r  t h e  e f f e c t  o f  t e m p e r a t u r e
v e l o c i t y  « v e l o c i t y  *4* 6l ©  1 7 .
te m p B  . 0°0
t h e  v a l u e  becomes 5 1 2m/ s e c  o r  1679f t . / s e c .
In  t h e  f o l l o w i n g  . t a b l e , t h e  v a l u e  1644  f t . / s e c .
was u s e d  a f t e r  c o r r e c t i o n  to a l l o w  f o r  t h e  e f f e c t  o f
t h e  t u b e  o f  f ” ( l . 5 9 cm«) b o r e ,
50The f o r m u la  q u o te d  by Harlow f o r  t h i s  c o r r e c t i o n  i s  
0 = c1 ( 1 -  ) 1 8 .
( C T T
where  c « v e l o c i t y  o f  sound i n  c y l i n d r i c a l  t u b e  o f  r a d i u s
r  cm. ) i n
1 } /0 » v e l o c i t y  o f  sound i n  f r e e  g a s . )  c m /se c ,  
f  *=i f r e q u e n c y  i n  c y c l e s  p e r  s e c o n d .
/3 = u i  ( ? - i )
7  ^  ( . < )
i n  t h i s  = k i n e m a t i c  v i s c o s i t y ,  s t o k e s
y  a  therm a.1 d i f i u s i v i t y  a  k
^’CV
K « th e rm a l  c o n d u c t i v i t y  c a l / c m ,  sec .  °0 
9 -  d e n s i t y  g/cm^
cv s p e c i f i c  h e a t  a t  c o n s t a n t  volume c a l . / g  °0
G e n e r a l  View o f  F i n a l  A p p a r a tu s
~ 69“
A llo w in g  f o r  t h e  f a c t  t h a t  c o n d i t i o n s  a l t e r  a 
l i t t l e  d u r i n g  t h e  c o u r s e  o f  a s c a n  t h e  i n t e r p r e t a t i o n s  
shown i n  l a b l e  7 a r © s u g g e s t e d .  The end c o r r e c t i o n  o f  
0 , 6 ? wh ich  i s  u s e d  i n  c a l c u l a t i n g  t h e  o r g a n  p i p e  
r e s o n a n c e  o f  a, s i n g l e  p i p e  h a s  n o t  been  a l l o w e d  h e r e  
b e c a u s e  o f  t h e  c o m p le x i ty  o f  t h e  sy s te m .
The bend i n  t h e  t u b e  a p p e a r e d  t o  be  o f  some 
i m p o r t a n c e  i n  t h e  sy s te m  o f  r e s o n a n c e s  b e c a u s e  t h e  
r e s p o n s e  c u r v e  o f  t h e  o r i g i n a l  gas  f e e d  p i p e  A w i t h  
a  2 4 " l o n g  h o s e - p i p e  s i d e  c o r r e c t i o n  was much s i m p l e r  
t h a n  t h a t  o f  g a s  f e e d  p i p e . B  w h ich  i n c l u d e d  t h e  b e n d .
A g e n e r a l  v iew  o f  t h e  f i n a l  a p p a r a t u s  i s  shown 
a s  F i g ,  1 1c .  ^
6 ,  D e s ig n  o f  Main S e t  o f  E x p e r i m e n t s .
6 , 1 ,  C ho ice  o f  P a r a m e t e r s :  G e n e r a l  -  The b a s i c  p r o c e s s  
i n v o l v e d  i s  t h a t  o f  im po s in g  p r e s s u r e  waves on t h e  
moving s t r e a m  o f  g a s .  The p r i n c i p a l  p a r a m e t e r s  a r e  
t h e r e f o r e  t h e  p r o p e r t i e s  o f  t h e  p r e s s u r e  waves and o f  
t h e  gas  s t r e a m .  I t  was d e c i d e d  t o  u s e  t h e  h e a t i n g  t u b e  
a t  a  c o n s t a n t  h e i g h t  o f  f i v e  f e e t  and t o  s e t  t h e  s e p a r a t i o n  
b e tw e e n  t h e  j e t  t i p  and th e  b a s e  o f  t h e  h e a t i n g  t u b e  a t  
1 i n c h .  U s in g  t h e  open  cone s p e a k e r  t h e r e  had  b e e n  
a d v a n t a g e  i n  u s i n g  a  l a r g e r  s e p a r a t i o n  t o  expose  more o f  
t h e  f l a m e  t o  t h e  a c t i o n  o f  t h e  sound w aves .  With  t h e
- 70-
T a b l e  7. P o s s i b l e  I n t e r p r e t a t i o n  o f  S o me  o f  P e a k s  o f  A cous t ic .
F re q u e n c y R esp o n se C o r r e c t i o n V e l o c i t y C o r r e s p o n d in g
uua U JTL
Resonance Pos
c . p . s . F a c t o r s F t / s e c . W ave leng th  i n Leng th  i n
75 l e a k  ' 
P e a k .
0 .9 6 5 1619 259 6 4 .6 Gc.3 Oolu 
b l i n d  en
1628 126
n o t  appo
155 V e ry  
S t r o n g
0 .9 9 0 3 1 .5 Gras coin  
to  j u n c t
P e a k .
I 632 6 3 .2 1 5 .8
t u b e .
310 S t r o n g 0 .9 9 3 Gas' coin
P e a k .
1634
h o r i z o n t
455 S t r o n g 0 .9 9 4 4 3 .1 1 0 .8 1 s t  Ham
P e a k .
0 .9 9 6 1637930 Medium 2 1 .1 5 .2 8 1 s t  Ham
S t r o n g
K in k .
1637 1 6 .21210 S t r o n g 0 .9 9 6 4 .0 5 Gas c o l i
P e a k .
1641
v e r t i c a l
3550 Very  S t r o n g 0 .9 9 ° 5 .5 5 - . 1 . 3 9 1 s t  ■ harii
P e a k .
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sy s te m  a d o p te d ,  how ever ,  t h e  f l a m e  was so d i s t u r b e d  
a t  t h e  h i g h e r  a l t e r n a t i n g  p r e s s u r e s  t h a t  i t  was 
l i a b l e  to  s p i l l  o u t  o f  t h e  h e a t i n g  tu b e  and t h e  
s h o r t e r  s e p a r a t i o n  d i s t a n c e  was p r e f e r a b le ; . -
6 . 2 ,  C ho ice  o f  P r o p e r t i e s  o f  S o n ic  V i b r a t i o n s :
A l th o ug h  t h e  e x p l o r a t o r y  e x p e r i m e n t s  had  shown 
t h a t  t h e  e f f e c t s  c o u ld  be g ro u p ed  a c c o r d i n g  to  t h r e e  
maun f r e q u e n c y  bands  o f  v i b r a t i o n s  i t  was d e c i d e d  t o  
l i m i t  t h e  i n v e s t i g a t i o n  to  o n ly  two o f  t h e s e  b a n d s ,  
each  examined a t  f o u r  e q u a l l y  sp a ce d  l e v e l s  o f  p r e s s u r e .  
This  was l a r g e l y  d i c t a t e d  by t h e  f a c t  t h a t  s t a b l e  
c o n d i t i o n s  c o u ld  o n ly  be o b t a i n e d  i n  two l i m i t e d  ■ 
f r e q u e n c y  r a n g e s " and -the i n t r o d u c t i o n  o f  o t h e r  f r e q u e n c y  
r a n g e s  i n t o  t h e  f a c t o r i a l  g roup  would h av e  g r e a t l y  
i n c r e a s e d  t h e  s p r e a d  o f  t h e  r e s u l t s  b e c a u s e  o f  t h e  
f l u c t u a t i o n s  i n  t h e  r e s p o n s e  a t  t h e  j e t .
The w o rk in g  f r e q u e n c i e s  ch osen  ?jere 600 c . p . s .  
an d  1700 c . p . s .
S in c e  t h e  e f f e c t s  were n o t  l i n e a r  a t  l e a s t  t h r e e  
l e v e l s  o f  sound p r e s s u r e  were  n eed e d  and,  f o r  more 
i n f o r m a t i o n ,  a f u r t h e r  one was added .  The h i g h e s t  
sound p r e s s u r e  o b t a i n a b l e  a t  b o t h  t h e s e  f r e q u e n c i e s  
was o f  t h e  o r d e r  o f  12,000 d dyrce . /cm . I t  was d e s i r a b l e  
to  h a v e  a c o n t r o l  g roup  o f  e x p e r i m e n t s  w i t h o u t  a p p l i e d  
v i b r a t i o n s  and to d i v i d e  t h e  r a n g e  of  i n t e n s i t i e s  u s e d
“ 72-
i n  to  a number o f  e q u a l  s t e p s  i n  o r d e r  t o  a i d  
s t a t i s t i c a l  a n a l y s i s .  , As a f i r s t  a p p ro a c h  t h e s e  were  
made e q u a l  l o g a r i t h m i c  s t e p s  o f  1 0 ^ , 1 0 ^ , 1 0 ^ ,  and 10^
p
d y n e s / c m  b e c a u s e  a c o u s t i c a l  work h a s  u s u a l l y  shown 
l o g a r i t h m i c  s t e p s  t o  be a c o n v e n i e n t  r e l a t i o n s h i p  
b e tw een  m a g n i tu d e s .  T r i a l s  c a r r i e d  o u t  w i t h  t h i s  
s e r i e s  showed i t  to  be u n s a t i s f a c t o r y  b e c a u s e  i t  
p r o d u c e d  v e ry  u n e v e n  i n t e r v a l s  o f  a p p a r e n t  e f f e c t  on 
t h e  f l a m e ,  and t h e  lo w e r  tw# m a g n i tu d e s  were  a lm o s t  
i m p o s s i b l e  to  c o n t r o l  on th e  a u d io  t e s t e r  o r  to  m easu re  
w i t h  t h e  m ic ro p h o n e .  On a l l  t h r e e  o f  t h e s e  g rou n ds  a 
d i r e c t  l i n e a r  s c a l e  p r o v e d  t o  be more u s e f u l  a l t h o u g h  
i n  t h e  u s u a l  d e c i b e l  n o t a t i o n  employed i n  a c o u s t i c s  
t h e  m a g n i tu d e s  a r e  s p a c e d  a t  v e r y  s m a l l  i n t e r v a l s  w i t h  
t h e  l o w e s t  r e p r e s e n t i n g  a h i g h  f i g u r e .
The m agni tudes  0 ,  4000,  8000,  and 1 2 ,0 0 0  dynes /cm ^  
were  - t h e r e f o r e  a d o p t e d .
Some p r o p e r t i e s  o f  t h e  v i b r a t i o n s . a r e  shown in
T a b le  8. The s c a l e  o f  d e c i b e l s  i s  g iv e n  i n  t h e  u s u a l
01 2 c o n v e n t i o n  above  0 0002 d yn e s /cm  . The sound e n e rg y
2f l u x  i s  g i v e n  by P A, t h e  v e l o c i t y  b e in g  c o r r e c t e d  by
^  0
e q u a t i o n  18 f o r  t h e  e f f e c t s  o f  t h e  t u b e  and t h e  f r e q u e n c y .
2 2 P ' i s  t h e  sound p r e s s u r e  i n  d y n e s /c m  , A t h e  a r e a  i n  cm .
t h e  gas d e n s i t y  i n  g . / c c  and c t h e  v e l o c i t y  o f  sound i n
c m /s e c .
“ 73-
In  t h e  e . g . s .  sy s te m  t h i s  g i v e s  t h e  e n e rg y  f l u x  i n  
e r g s / s e c  but  t h e s e  u n i t s  have  been  conver ted ,  t o  w a t t s  
t o  show th e  e f f i c i e n c y  as  a p e r c e n t a g e  o f  t h e  power 
d e l i v e r e d  to  t h e  p r e s s u r e  u n i t ,  and to  f t . l b s / s e c .  
f o r  com p a r iso n  w i t h  t h e  k i n e t i c  energy  f l u x  o f  t h e  
gas s t r e a m .  The d ia m e te m  q u o t e d  a r e  t h o s e  f o r  t h e  
j e t s  a d o p te d  as  a r e s u l t  o f  t h e  c o n s i d e r a t i o n s  s e t  
ou t  i n  t h e  f o l l o w i n g  s e c t i o n .
I t  must be a p p r e c i a t e d  however  t h a t  t h e  sound 
p r e s s u r e s  and a l l  t h e  d e r iv ed ,  p r o p e r t i e s  r e p r e s e n t '  t h e  
c o n d i t i o n s  as  s e t  up f o r  t h e  r e s p e c t i v e  e x p e r i m e n t s .  
D u r in g  t h e  r u n s  t h e  a c o u s t i c  c o n d i t i o n s  were  c o m p l i c a t e d  
by . the  gas  f l o w /  t h e  f l am e  and t h e  c h a r a c t e r i s t i c s  o f  
t h e  h e a t i n g  t u b e .
■ - 7 4 -
T a b le  8 .
Hr equenc^ 
c . p . s .
Sound P re s s u re Sound Enerpqr Flux through J e t s  of D iam eter.
Dynes 2 
Per cmc
Db.above 
0.0002 r 
Dynes cmc
Inches
w . g .
0 .101S1' ' 1 • ' ' 0 .1 4 4 U
Wat t  s . * ltyfe ec,. 
|
.Kean
Ef f  ic-P 
ien cy %
W a t t s . ' F t . l b / ,  
se c .
Mean .. 
E f f i c -  
i  encyrfo
,Wa
600
4000
8000
12000
146.0
152.0 
156.6
1 .6
4 .8
1
0.00311 So. 1381
0 .0124  jo .550 
0.0280 [1.24
2.5
0,00620
0.0248
•
0.0558
0 .274
1.10
2 ,47
4 .9
0 .
0.
0.
1700
4000 146.0  
8000 I 152.0
f
12000 156.6
I
1-6
3 .2
. 4 .8
i
0.00307
0.0123
0.0276
0-136
0 .544
1.22
1 .5
O.OO613
0.0246
0.0552
•0-271
1.09
2 .44
1 .4
Op
Op
Q4
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. The c o r r e s p o n d i n g  m ic ro ph o ne  r e a d i n g s  u s i n g  
t h e  c a l i b r a t e d  p r o b e  m ic rophone  STO 4034B w i t h  
i t s  t r a n s f o r m e r  a r e  g i v e n  be low i n  T ab le  9*
T a b le  9* M ic rophone  R esponse  t o  Sound P r e s s u r e
L e v e l s  Adopted ,
Sound .
P r e s s u r e o
Dynes/cm
At 600 c . p . s .  S e n s i t i v i t y  -  
37*5 db above  1 m v .p e r  d y n e /  
cm .M ic rop h on e  R ead ing  mv.
At 1700 c . p , s .  
S e n s i t i v i t y  
“ 39 db above  p 
l m v . p e r  dyne/cm  
M icrophone  . < 
R e a d in g s  mv.
0 — “
4 ,0 0 0 5 3 . 4 4 4 .9
8 ,0 0 0 107 89.8
1 2 ,0 0 0 160 135
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6 . 3 * Choice of P r o p e r t i e s  of Gas Stream .
I t  seemed p o s s i b l e  t h a t  th e  e f f e c t s  on t h e  gas 
s t r e a m  m igh t  he  f u n c t i o n s  o f  t h e  gas f l o w  r a t e ,  t h e  
g as  s t r e a m  momentum f l u x  o r  an i n t e r a c t i o n  o f  t h e s e  
p r o p e r t i e s ,  ^ t  was t h e r e f o r e  c o n s i d e r e d  o f  i n t e r e s t  
to  u s e  two gas  r a t e s  each a t  two l e v e l s  o f  momentum 
by u s i n g  d i f f e r e n t  j e t  d i a m e t e r s .  Both  p r o p e r t i e s  
were t a k e n  a t  two l e v e l s  t h e  h i g h e r  b e in g  d o u b l e  t h e
3l o w e r  o n e .  C o n v e n ie n t  gas  r a t e s  were 20) and 40 f t / h r .
The g a s  momentum f l u x  p e r  u n i t  t im e  i s  g i v e n  by;
mass p e r  u n i t  t i m e  x l i n e a r  v e l o c i t y ,
.2
= Qf x A , = 1 2 .
A
Q ~ gas  volume r a t e  i n  c u b ic  f e e t  p e r  s econd
^ ~ d e n s i t y  i n  pounds p e r  c u b ic  f o o t  
A « j e t  a r e a  i n  s q u a r e  f e e t
t h e n  t h e  momentum f l u x  i s  i n  F . P . S .  u n i t s  p e r  seco n d .
The t o t a l  r a n g e  o f  j e t  d i a m e t e r s  to  g i v e  t h e s e  
r a t i o s  f o r  b o t h  p r o p e r t i e s  i s  1: */2: 2: 2^2 .  The 
n e a r e s t  p r a c t i c a l  c o n d i t i o n s  are, shown i n  T a b le  10
b a s e d  on a f l o w  o f  2 0 f t ^ / h r , .  t h r o u g h  a j e t  o f  d i a m e t e r
0 ,1015".
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■ T a b le  10 , P r o p e r t i e s  o f  G-as Plow,
P r o p e r t i e s  C o n t ro l l e d .  j 
• ~ '!
Gas R a t e P e r f e c t N e a r e s t  Morse ' Mo menturn
FtO / h r .  R a t i o D ia m e te r F lu x
J e t s . I n . I n ,  ; D r i l l FPS u n i t s /
1 . s i z e
!
s e c .
i
2 0 ,0 .1015 0 . 1 0 1 5 j  38 0 .0 1 9 3 0  I
20 10.1455■ •- 0 . 144 ! 27! 0 .0 0 9 5 8  1
4-0 '0 .2030 0 . 2 0 4  ; ,6 0 .0 1 9 0 8
40 ’0 .2 8 7 0 O.29O ’ L 0 .0 0 9 4 4  !
T a b le  10 C o n t . ( a c r o s s )
D epend en t  P r o p e r t i e s ,
iLinea,r 
V e l .
F t / s e c .
K .E .F lu x  
F t . l b / s e e .
it! II II
9 8 . 9 0 .9 5 5 5 H 0 11-12
49.1 ' 0 .2 5 5 2190 ill2j
4 8 .9 0 . 4 6 7 5090 ill2
2 4 ,2 0 .1 1 4 2180 ill8
n s= R e y n o ld s  No,
1111 ^ Approx.  p r e s s u r e  a t  j e t ,  i n .
The two low momentum f l a m e s  were m a in ly  lamina;":: 
b u t  j u s t  on th e  p o i n t  o f  H a r i n g .  Tire two h i g h  momentum 
f l a m e s  were t r a n s i t i o n a l *
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I t  may 'be n o t e d  t h a t  a t  ttod sm 'a l les t .  j •&& t h e  
sound  Ohergy a t  ' the  rwa i n t e r m e d i a t e  l fo u M  p r e s s u r e ©  
r a g ’ l e g e  . than t h a t  ‘of- t h e  gag e t a e a m h a t  i n  -a?l 
O th e r  e a s e s  i t  was g r e a t e r  n o t a h i y  i n  t h e  l a r g e s t  j e t .
T h e  a l t e r n a t i n g  p r e s s u r e  o f  t h e  sound was a lw ays  
g r e a t e r  t h a n  t h e  s t a t i c  p r e s s u r e  of  t h e  gas  s t r e a m  
and t h i s  must h a v e  meant t h a t  a i r  was' b e i n g  drawn 
i n t o  t h e  j e t  on t h e  r a r e f a c t i o n  h a l f  o f  t h e  c y c l e .
6 , 4 .  . Arrangem ent  o f  E x p e r i m e n t s .
A f a c t o r i a l  g rou p  o f  32 e x p e r i m e n t s  was t h e n  
d e s i g n e d  u s i n g  a l l  c o m b i n a t i o n s  o f  th e  c h o sen  l e v e l s  
o f  t h e  param eters .  The r e s u l t s  o f  such  a g r o u p ,  when 
examined by t h e  a n a l y s i s  o f  v a r i a n c e ,  p r o v i d e  i n  t h e  
most  e f f i c i e n t  manner p o s s i b l e  e s t i m a t e s  o f  t h e  
i m p o r t a n c e  o f  t h e  i n d e p e n d e n t  v a r i a b l e s  and o f  t h e i r  
i n t e r a c t i o n s .  As i s  u s u a l ,  t h e  e x p e r i m e n t s  were  
c o n d u c t e d  i n  random o r d e r  i n  o r d e r  t o  e l i m i n a t e  t h e  
e f f e c t s  o f  u n c o n t r o l l e d  chan ges  i n  c o n d i t i o n s .
I n  d e a l i n g  w i t h  town gas  s u c h  a p r o c e d u r e  i s  o f  
p a r t i c u l a r  a d v a n t a g e ,  s i n c e  t h e  gas  p r o p e r t i e s  v a r y ,  
and- t h e s e  v a r i a t i o n s  a r e  s p r e a d  a t  random a v e r  a l l  
d e t e r m i n a t i o n s .  The c o m p le te  s e t  o f  v a r i a b l e s  was 
t h e r e f o r e ,  as  f o l l o w s : - .
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T ab le  11 .  I n d e p e n d e n t  V a r i a b l e s  o f  F a c t o r i a l  Group.X y_— r : . . g ___
P r o p e r t y . U n i t
—  V-/ ^ ^  —  —  V..»— V > * V ^ K »
L e v e l s
Sound f r e q u e n c y C .P .S , 600 1700
Sound P r e s s u r e Dynes/cm^ 0 4 ,0 0 0 8 ,0 0 0  12 ,0 00
das  Flow H ate f t ^ / h r 20 40
Gas Momentum F lu x . F . P . S . U n i t  4 0 .0 0 9 4 3 ] fo. 01904
and j o ro r .
!
0 .0 0 9 5 6,
i
(0 .0 1 9 2 8
The c o m p le te  s e t  o f  c o m b i n a t i o n s  i s  g i v e n  i n  
T a b le  12 and t h e  ra n d o m ise d  s e q u e n c e  i n  T a b le  13* 
T a b l e 12 .  C o m b in a t io n s  o f  I n d e p e n d e n t  V a r i a b l e s
S e r i a l
N o .
F r e q u e n c y
c . p . s .
S o u n d  S C  
P r e s s u r e * !  
D y n e s / c m  j ]
1
! ■ i
>8,8 F l o w !  G a s  M o m e n t u m  F l u x  
* a ± e  | f . P , S . .  U n i t  ^ P r o d u c e d  
r t - V h r .  i p  e r  s e c . ]  a t  J e t j
!  j j
01 1700 40 0 .0 0 9 4 3 ;L
02 1700 * - 40 0 .0 1 9 0 4 :6
03 1700 — 20 0 .0 0 9 5 6 :2 7
04 1700 - 20 0 .0 192 8 V_n
I GO
05 1700 4000 40 0 .0 0 9 4 3 L
06 1700 4000 - 40 0 ,0 1 9 0 4 6
07 1700 4000 20 0 .0 0 9 5 6 27
08 1700 4000 20 0 .0 1 9 2 8
OO
09 , 1700 8000 40 0 .0 0 9 4 3 L
10 1700 8000 40 0 .0 1 9 0 4 6
11 1700 8000 20 0 ,0 0 9 5 6 27
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T a b l e  1 2 .  c o n t .
S e r i a l
H o .
.
F r e q u e n c y
c . p . s .
i
S o u n d  | G a s  F l o w  
P r e s s u r e i R a t e  
D y n e s / c m  j F t ^ / h r ,
i
j
G a s  M o m e n t u m  F l u x  
F . P ,  S . U n i t . s P r o d u c e d  
p e r  s e c .  j a t  J e t
i
12 1700 8000 20 0.01928 38
13 1700 12000 40 C, 0o943 L
14 1700 12000 40 0.01904 6
15 1700 12000 20 G. 00956 27
16 1700 12000 20 0.01928
O
Or<-\
17 6m 40 0.00943 L
18 600 — 40 0,01904 6
19 600 20 0.00956 27
20 600 1—» 20 0.01928 VjKl OO
21 600 4000 40 0.00943 L
22 ■600 4000 4c 0.01904 6
23 600 4000 20 0.00956 27
24 600 4000 20 0.01928 38
25 600 8000 40 0.00943 L
26 600 8000 40 0,01904 6
27 600 8000 20 0.00956 27
28 600 8000 20 0.01928 V-n
I
O
O
29 600 1?,000 40 0.00943 L
30 cr\ 0 O 12,000 40 0.01904 6
31 600 12,000 20 0.00956 27
32 600 12,000 20 0.01928 38
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T a b l e  1 3 .  Randomised Sequence o f  C a r r y i n g  Out 
_______ .____________  E x u e r i m e n t s . _____ _______
O rd e r  o f  Working 
Sequence  L e t t e r ,
' ■ i ■
S e r i a l '
No.
O rd e r  of  Working 
Sequence  L e t t e r
S e r i a l  
No.
A 03 Q 22
B 16 R 01
0 12 S 21
d : 18 T 08
E 26 U 24
F 23 V 19
Gr 31 W 25
H 27 X 28
I 29 Y 15
J 11 Z 50
K 14 AA 10
L 20 B3 04
M 05 CO 13
N 07 DD 3 2
0 17 EE 06
P 09 FF OJo
I t ' -w a s  d e c i d e d ,  t o  examine t h e  e f f e c t s  o f  th e  
v a r i a b l e s  on t h e  f o l l o w i n g  p r o p e r t i e s : -  
A H e a t  t r a n s f e r  - b y ^ ^ f e a t c o n s i d e r e d  i n  t e r m s  o f  .
(a)  p e r c e n t a g e  o f  h e a t  i n p u t
(b)  h e a t  t r a n s f e r  r a t e  B tu / f . t^g h i t* ^ ; ' -e : :  ^ 11. R t v . / f t c'
(c )  h e a t  t r a n s f e r  c o e f f i c i e n t  B t u / f t ^ . h r , ° F
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B H e a t  t r a n s f e r  by r a d i a t i o n  c o n s i d e r e d  i n  t e rm s  o f
(a)  p e r c e n t a g e  o f  h e a t  i n p u t
(b)  h e a t  t r a n s f e r  r a t e  a t  t h e  c a l o r i m e t e r n m a l l ,
B t u / f t ^ . h r ,
Q, By d i f f e r e n c e ,  h e a t  t r a n s f e r  by c o n v e c t i o n  c o n s i d e r e d  
i n  t e r m s  o f
(a )  p e r c e n t a g e  o f  h e a t  i n p u t
(b)  heed t r a n s f e r  r a t e , B t u / f t  h r .
P(c)  f i l m  c o e f f i c i e n t ,  h o t  g a s  to  w a l l , B t u / f t  h r .
/ Otp
*  •
D Flame t e m p e r a t u r e ,
E E m is s i t i j j y .
I n  a d d i t i t o n ,  t h e  e f f e c t s  011 f lam e  l e n g t h  and 
e x c e s s  a i r  would  be d e t e r m i n e d .
7. E x p e r i m e n t a l  Method.
A f t e r  c h e c k i n g  t h e  s e q u e n c e  l e t t e r  and s e r i a l  
number o f  t h e  e x p e r i m e n t  t h e  c o r r e c t  j e t  was f i t t e d ,  
t h e  g a s  r a t e  s e t ,  t h e  a p p r o x i m a t e  sound l e v e l  s e t  and 
t h e  a p p a r a t u s  a l l o w e d  to  'warm u p .  Meanwhile  w a te r  
r a t e s s t h r o u g h  t h e  c a l o r i m e t e r s  were  a d j u s t e d  t o  g i v e  
i n  g e n e r a l ,  a r i s e  and t h e  s e t t i n g s  were
e n t e r e d  on a s t a n d a r d  r e p o r t  s h e e t .  T h e . f ’lame was 
e x t i n g u i s h e d ,  t h e  sound p r e s s u r e  c a r e f u l l y  s e t ,  t h e  
f l a m e  r e - l i t ,  t h e  b u r n e r  c a r e f u l l y . a l i g n e d ,  and s e t ’ 
w i t h  t h e  j e t  1" f rom t h e  b a s e  o f  t h e  h e a t i n g  t u b e .
Then t h e  f low  r a t e  was r e - s e t  and t h e  a p p a r a t u s  was 
l e f t  a f u r t h e r  one h o u r  t o  a t t a i n  e q u i l i b r i u m .  The 
f l a s k  h o l d i n g  t h e  th e r m o c o u p le  c o l d  j u n c t i o n s  was 
f i l l e d  w i t h  c r u s h e d  i c e  from d i s t i l l e d  w a t e r ,  t h e  
f u r n a c e  s w i t c h e d  on and t h e  p a t e n t i o m e t e r  s w i t c h e d  on .
T e m p e r a tu r e  r i s e  o f  t h e  w a t e r  i n  t h e  c a l o r i m e t e r  
was m easu red  w i t h  Gold l i n e  E - t i i l '  p r e c i s i o n  t h e r m o m e te r s  
g r a d u a t e d  t o  C k l o 0 and c a p a b le  o f  b e in g  r e a d  t o  h a l f  a 
g r a d u a t i o n .  W ater  f l o w  r a t e  was m easured  i n  g r a d u a t e d  
c y l i n d e r s .  Both o f  t h e s e  d e t e r m i n a t i o n s  were  c a r r i e d  
o u t  i n  d u p l i c a t e  f o r  a l l  c a l o r i m e t e r s  w i t h  an i n t e r v a l  
o f  one h o u r .
F l u e  gas  was p a s s e d  t h r o u g h  t h e  gas  a n a l y s i s  
a p p a r a t u s  and a f t e r  15 m in u te s  a n a l y s i s  was s t a r t e d .
F lu e  g a s  t e m p e r a t u r e s  were  m easured  by t h e  s u c t i o n  
p y r o m e t e r  ( u s i n g  a Doran D.O. p o t e n t i o m e t e r )  a c r o s s  
t h e  to p  o f  t h e  h e a t i n g  t u b e  and a t  a l l  o t h e r  s i g h t i n g  
h o l e s  down t o  w e l l  w i t h i n  t h e  f l a m e .  F u r n a c e  t e m p e r a t u r e  
was ch ec k ed  and t h e  c o n t r o l l i n g  r h e o s t a t  s e t  to  
s t a b i l i s e  i t  a t  a b o u t  900°0 .  Tube w a l l  t e m p e r a t u r e s  were  
m e a su re d .
The above n o r m a l l y  o c c u p i e d  a m o rn in g .  I n  t h e  
a f t e r n o o n  t h e  sound p r e s s u r e  and gas  r a t e  were  r e - c h e c k e d  
t h e n  t h e  r a d i a t l b & n  m easu red  from t h e  b l a c k - b o d y  f u r n a c e  
v iew ed  th ro u gh ,  t h e  f l a m e  w i t h  a lm o s t  s i m u l t a n e o u s  
m easu rem en ts  o f  t h e  t e m p e r a t u r e  a t  each  p o s i t i o n .
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Til i s  was r e p e a t e d  t h e n  t h e  c u r r e n t  i n c r e a s e d  and 
t h e  f u r n a c e  oL.ankcd o f f .  R a d i a t i o n  f r o m - t h e  f lam e  
a lo n e  was t h e n  m easu red  i n  d u p l i c a t e  by t h e  t h e r m o p i l e  
a t  a l l  p o s i t i o n s  g i v i n g  l e a d i n g s  down t o  a b o u t  10 . 
m i c r o v o l t s .  Below t h i s  v a l u e ,  r a d i a t i o n  was c a l c u l a t e d  
from t h e  H o t t e l  and E g b e r t '  c u r v e s 5 4 .  The f u r n a c e  was 
t h e n  s t a b i l i s e d  a t  a b o u t  1100°0  and t h e  r a d i a t i o n  
m easu re m e n ts  f rom  th e  f u r n a c e  v iew ed  t h r o u g h  t h e  f l a m e  
r e p e a t e d  i n  d u p l i c a t e .
8 .  Method o f  C a l c u l a t i n g  R e s u l t s .
For  t h e  c a l o r i m e t r y  c a l c u l a t i o n s  t h e  c o n d i t i o n s  on 
t h e  f l a m e / g a s  s i d e  o f  t h e  h e a t i n g  t u b e  were  t a k e n  as  
c o n t r o l l i n g  t h e  r a t e  o f  h e a t  f l o w .  The g a s  volumes 
were  c o r r e c t e d  to  S . T . P .  and t h e  h e a t  i n p u t  c a l c u l a t e d  
on t h e  b a s i s  o f  t h e  mean g r o s s  c a l o r i f i c  v a l u e  o f  500 
B t u / f t . ^ .  Heat  o u t p u t  to  each, c a l o r i m e t e r  was c a l c u l a t e d  
as  t h e  p r o d u c t  o f  t h e  w a t e r  w e i g h t  f lo w  r a t e  and th e  
t e m p e r a t u r e  r i s e .
Bleat b a l a n c e  was checked  by e m p lo y in g  t h e  f o r m u la e  
f o r  f l u e  g a s l o s s - ^  p u b l i s h e d  by t h e  das  C o u n c i l .  H ea t
3
i n  f l u e  g a s e s  i n  T3tn;-. p e r  f t .  -of gas  b u r n e d  
For a p p r o x .5 0 0 ° F  t e m p . r i s e  « t ( l , 9 0 a / x  0 .0 2 7 )  ^  5 0b .  20a
For  a p p r o x .1 0 0 0 ° F  » t: ( 1 .  9 5 a /x  4- 0.029) * 50b .  20b
where  t t; t e m p e r a t u r e  d i f f e r e n c e  b e tw een  f l u e  g a s e s  and 
room a i r ,  °F
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a -  cog p r o d u c e d  by c o m b u s t io n  f t ^ / f t ^  gas  banned  
x ts p e r c e n t a g e  cog i n  f l u e  gas as  o r d i n a r i l y  m easured  
b K KgO v a p o u r s  p r o d u c e d  by c o m b u s t ion  f t ^ / f t ^  gas  
b u r n e d .
From a v a i l a b l e  d a i l y  a n a l y s i s  o f  t h e  town gas  t h e  
f o l l o w i n g  a v e r a g e  f i g u r e s  f o r  t h e  p e r i o d  o f  t h e  
e x p e r i m e n t  were c a l c u l a t e d  p e r  volume o f  g a s :
T h e o r e t i c a l  a i r  r e q u i r e d  
T h e o r e t i c a l  wet f l u e  g as  p ro d u c e d  
T h e o r e t i c a l  d ry  f l u e . g a s  p ro d u c e d  
T h e o r e t i c a l  co^  p ro d u c e d  
(a a) o r  11*7% d r y  f l u e  g a s .
T h e o r e t i c a l  HgO ( v a p o u r )  p r o d u c e d  1 .0 8  volumes (=b)
From t h e  r a t i o  o f  t h e o r e t i c a l  t o  t h e  d e t e r m i n e d  cog
t h e  p e r c e n t a g e  e x c e s s  a i r  was c a l c u l a t e d  'by s im p le
p r o p o r t i o n  as  i l l u s t r a t e d  be low .
R a d i a t i o n  was c a l c u l a t e d  by c o n s i d e r i n g  t h e  f l a m e  
as  a s e r i e s  o f  a d j a c e n t  c y l i n d e r s  4 ,! h i g h  i n  t h e  l o w e r  
24" o f  t u b e ,  6 n h i g h  i n  t h e  r e m a in d e r  o f  t h e  t u b e  w i t h  
n e g l i g i b l e  n e t t  r a d i a n t  en e rg y  i n t e r c h a n g e  be tween  
c y l i n d e r s  and no r e - r a d i a t i o n  from t h e  c o l d  w a l l s .  The 
c y l i n d e r s  w q x q  t a k e n  as  r a d i a t i n g  to  t h e  s u r r o u n d i n g  
p a r t s  o f  t h e  t u b e .  The s o o ty  t u b e  w a l l s  were  t a k e n  as  
h a v i n g  an e m i s s i v i t y  c l o s e  to  u n i t y  so t h a t  t h e  g e n e r a l  
e x p r e s s i o n  f o r  s e l e c t i v e  e m i t t e r s  i n  t h e  c a s e  o f  
c o n c e n t r i c  c y l i n d e r s  ( R e f . 54 p . 7) c o u ld  be  s i m p l i f i e d .
4 . 5 1  volumes 
5 .0 1  volumes 
3 .9 2  vo lum es  
0 ,4 b  volumes
■8c
I n  g e n e r a l ,  t h e  n e t t  r a d i a t i o n  i n t e r c h a n g e  H 
= i . 7 3 x i o ~ 9    4  21 .
|_ \a2T  ^ * e1T-j_ (1“ A2T1 ) /
■E2T ^ 2 ' d T p  X)
2 U x T„ + E2 Td (’1-AlTp) / S t 7  2 f t . h r .
where  E tr e m i s s i v i t y  and A a  a b s o r p t i v i t y  and t h e  
s u f f i x e s  d e f i n e  c o n d i t i o n s  i . e .  1 , 2  a r e  i n n e r  and 
o u t e r  c y l i n d e r s ,  Tp & Tg t h e i r ' a b s o l u t e  t e m p e r a t u r e s  
°R. But  i f  A£ij i s  t a k e n  a s  u n i t y  and t h e  r e - r a d i a t i o n  
from t h e  w a l l  n e g l e c t e d  due t o  i t s  low t e m p e r a t u r e  o f
3 0 ° - 4 0 ° 0  compared w i t h  t h e  f l a m e  t e m p e r a t u r e s ,  t h e
' ~9 4
e x p r e s s i o n  s i m p l i f i e s  to  l , 73x10 %T^1 J t h a t  i s
t h e  r a d i a t i o n  r a t e  from th e  f l a m e ,  T h is  was m easu red
by t h e  c a l i b r a t e d  t h e r m o p i l e .  Thus,  c o n v e r t i n g  t h e
c a l i b r a t i o n  e q u a t i o n £ 2  i n t o  B r i t i s h  u n i t s ,  r a d i a t i o n
from  each  c y l i n d e r  o f  f lam e  was c a l c u l a t e d  as  2 2 .
R e t t  R a d i a t i o n  B t u / h r .  -  t h e r m o p i l e  mv,x8 , 278x 10 "^ x
f l a m e  s u r f a c e  a r e a  ( f t  ) ,
D i v i d i n g  by t h e  s u r r o u n d i n g  t u b e  s u r f a c e  a r e a  gave
2
a  v a l u e  t a k e n  as  t h e  h e a t  f l u x  B t u / f t  h r , , due t o  r a d i a t i o n ,  
a t  t h e  t u b e  w a l l .
The r a d i a t i o n  was a l s o  r e s o l v e d  i n t o  i t s  t e m p e r a t u r e  
and e m i s s i v i t y  components  b y ' t h e  m o d i f i e d  Schmidt  method.
I n  i t s  o r i g i n a l  fo rm ,  t h i s  was b a se d  on t h e  u s e  o f  t h r e e
t o t a l  r a d i a t i o n  m e a s u r e m e n t s , a s s u m i n g  t h a t  t h e  
f l a m o  i s  a  g r e y  e m i t t e r .  T h e s e  a r e  t h e  r a d i a t i o n  
f r o m  t h e  f l a m e  a l o n e  w i t h  a  c o l d  b a c k g r o u n d  (Rq_) 
t h e  r a d i a t i o n  f r o m  t h e  f l a m e  a n d  a  h o t  b a c k g r o u n d  
( R 2 ) a n d  r a d i a t i o n  f r o m  t h e  b a c k g r o u n d  a l o n e  ( R j )
F r o m  t h e s e  r e a d i n g s  t h e  t e m p e r a t u r e  o f  t h e  f l a m e  T f  
a n d  t h e  f l a m e  e m i s s i v i t y  a r e  c a l c u l a t e d  b y  t h e  f o l i o w i n  
f o r m u l a ,  w h e r e  £ i s  S t e f a n ’ s  c o n s t a n t ,  E ^  e m i s s i v i t y  o f  
t h e  f l a m e ,  T f  i s  t h e  m e a n  r a d i a n t  f l a m e  t e m p e r a t u r e *
Rx = i  ETf  4
R2 = {> ETj + (I-E)R t
whence E ~ 4- R i  -  Rg 2 3 .
®3
i T f 4 =  '■ .,=■ % R3
r 3 + R1 ~ r 2 -M*
T h r i n g - ^  h a s  d i s c u s s e d  t h e  a s s u m p t i o n s  w h i c h  
t h e s e  f o r m u l a e  i n v o l v e
( i )  T h a t  t h e  f l a m e  e m i s s i v i t y  i s  i n d e p e n d e n t  o f  
w a v e - l e n g t h  a n d  h e n c e  t h e  a b s o r p t i o n  b y  t h e  
f l a m e  o f  r a d i a t i o n  f r o m  t h e  b l a c k  b o d y  i s  t h e  
s a m e  f r a c t i o n  o f  t h e  l a t t e r  w h a t e v e r  t h e  
t e m p e r a t u r e  o f  t h e  b l a c k  b o d y .  •
( i i )  T h a t  t h e  f l a m e  d o e s  n o t  r e f l e c t .
He  h a s  c a l c u l a t e d  t h e  i m p l i c a t i o n s  o f  t h e  f o r m u l a e  
i n  t h e  c a s e  w h e r e  e m i s s i v i t y  a t  a  g i v e n  w a v e l e n g t h ,  e)£
- 88-
i s  t r e a t e d  as  a  g e n e r a l  f u n c t i o n  o f  t h e  w a v e le n g th  A 
f  oo
Ufce ho e X  R A T t . d A
r  °o . H i .
,)o R A % . d A
where  Eb i s X o v e r a l l  a b s o r p t i v i t y  o f  t h e  f l a m e  f o r  
r a d i a t i o n  from a b l a c k  body a t  a t e m p e r a t u r e  Tb 
p a s s i n g  o r t h o g o n a l l y  t h r o u g h  i t  and R A ^  i s  such  
t h a t  t h e  ene rg y  e m i t t e d  by a b l a c k  body a t  a 
t e m p e r a t u r e  T i n  t h e  i n t e r v a l  o f  w a v e l e n g th  A t o  A 
4- dA i s  R A ^ h .
I f  t h e  h o t  body b e h i n d . t h e  f lam e  i n  t h i s  method 
i s  a t  t h e  same t e m p e r a t u r e  as  t h e  f l a m e  t h e  s im p le  
e x p r e s s i o n  f o r  E (23 above) g i v e s  t h e  c o r r e c t  v a lu e  
f o r  th e  mean f l a m e  e m i s s i v i t y .  Under any o t h e r  
c o n d i t i o n s ,  t h e  u s e  o f  t h e  s i m p l e  e x p r e s s i o n  t o  d e d u ce  
t h e  mean f lam e  i s  i n  e r r o r  i f  e g  i s  a f u n c t i o n  o f  
w a v e l e n g th  and n o t  c o n s t a n t ,
8
I n  t h e  p r e s e n t  c a s e  S a l e h ' s  work u s i n g  t h e  
o r d i n a r y  Schmidt  method shovired t h a t  f l a m e  e m i s s i v i t y  
i s  o f  t h e  o r d e r  o f  l e s s  t h a n  0 . 1 ,  I t  i s ,  t h e r e f o r e ,  
l i k e l y  t h a t  p u r e  gas  r a d i a t i o n  i s  p l a y i n g  a c o n s i d e r a b l e  
p a r t  i n  t h e  t o t a l  r a d i a t i o n .  . Had t h e  f l a m e  shown h i g h e r  
e m i s s i v i t i e s , i t  m igh t  have  b e en  assumed t h a t  most o f  
t h e  r a d i a t i o n  was e m i t t e d  by t h e  i n c a n d e s c e n t  c a rb o n  
p a r t i c l e s  and,  t h e r e f o r e ,  was l a r g e l y  g r e y  body r a d i a t i o n .
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U n d e r  t h e s e  c o n d i t i o n s ,  h o w e v e r ,  a n d  s i n c e  t h e  g a s  
r a d i a t i o n  f r o m  COg a n d  HgO i s  d i s c o n t i n u o u s  a n d  
v a r i e s  c o n s i d e r a b l y  w i t h  w a v e l e n g t h ,  i t  i s  e v i d e n t  
t h a t  t h e  s i m p l e  S c h m i d t  m e t h o d  i s  n o t  l e g i t i m a t e l y  
a p p l i c a b l e .
T h r i n g  h a s  s u g g e s t e d  t w o  a l t e r n a t i v e  m e t h o d s  o f  
a p p r o a c h  w h e n  a  f l a m e  i s  n o t  a  c l o s e  a p p r o x i m a t i o n  t o  
a  g r e y  b o d y  r a d i a t i o a r .
( i )  T h e  u s e  o f  a  b a c k g r o u n d  a t  a, t e m p e r a t u r e  n o t  
m o r e  t h a n  1 0 0 ° 0  d i f f e r e n t  f r o m  t h a t  o f  t h e
f 1 arne ,
( i i ) T h e  u s e  o f  a  b a c k g r o u n d  a d j u s t e d  t o  t w o  f i x e d  
t e m p e r a t u r e s  b r a c k e t i n g  t h e  f l a m e  t e m p e r a t u r e  
o r  a l t e r n a t i v e l y ,  a d j u s t e d  t o  b r i n g  i t  t o  
e x a c t l y  t h e  s a m e  t e m p e r a t u r e  a s  t h e  f l a m e .
I t  w a s  d e c i d e d  t o  u s e  t h e  m e t h o d  o f  a t t e m p t i n g  
t o  b r a c k e t  t h e  f l a m e  t e m p e r a t u r e  s i n c e  t h e  o t h e r  m e t h o d s  
i n v o l v e  s u c c e s s i v e  a p p r o x i m a t i o n s  a n d  r e p e a t e d  
r e - d e t e r m i n a t i o n s .
To a p p l y  t h i s  m o d i f i e d  m e t h o d ,  r e a d i n g s  w e r e  
t a k e n  w i t h  t h e  t o t a l  r a d i a t i o n  t h e r m o p i l e  o f  t h e  
b a c k g r o u n d  b l a c k  b o d y  f u r n a c e  " v i e w e d "  t h r o u g h  t h e  f l a m e ,  
t h e  f u r n a c e  b e i n g  s e t  i n  t u r n  a t  t h e  t w o  t e m p e r a t u r e s  
p r e s u m e d  t o  . b r a c k e t  t h e  f l a m e  t e m p e r a t u r e .  Whe n  t h e  
f u n i 8 . c e  i s  c o l d e r  t h a n  t h e  f l a m e ,  t h e  r e a d i n g s  o f  t h e
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t o t a l  r a d i a t i o n  p y r o m e t e r  s i g h t e d  t h r o u g h  t h o  f lam e 
a r e  h i g h e r  t h a n  would c o r r e s p o n d  to  t h e  f u r n a c e  
t e m p e r a t u r e , ,  and c o n v e r s e l y  when t h e  f u r n a c e  i s  h o t t e r .  
Thus i f  t h e  t h e r m o p i l e  r e a d i n g s  a r e  g r a p h e d  a g a i n s t  
t h e  t o t a l  r a d i a t i o n  r a t e  c o r r e s p o n d i n g  t o  t h e  f u r n a c e  
t e m p e r a t u r e ,  t h e  i n t e r s e c t i o n  o f  th e  l i n e  j o i n i n g  them 
w i th  t h e  l i n e  g i v e n  by t h e  b l a c k  body f u r n a c e  a l o n e -  
t h e  t h e r m o p i l e  c a l i b r a t i o n  l i n e -  g i v e s  t h e  t r u e  b l a c k  
body t e m p e r a t u r e . T h is  i s  th e  t e r n p e r a t u r e ■a t  which t h e  
f l a m e  would be a d d in g  t h e  same p r o p o r t i o n  o f  t h e  
r a d i a t i o n  a s  i t  i s  a b s o r b i n g .  More p r e c i s e l y  t h e  l i n e ,  
j o i n i n g  t h e  two p o i n t s  g iv e n  by t h e  b l a c k  body v iew ed  
t h r o u g h  t h e  f l a m e  a t  t h e  s t r a d d l i n g  t e m p e r a t u r e  s h o u l d  
be g ra p h e d  by t a k i n g  a s e r i e s  o f  i n t e r m e d i a t e  t e m p e r a t u r e s  
i n  o r d e r  to  show i t s  form .  Over t h e  200°0 r a n g e  o f  
t e m p e r a t u r e  u s e d ,  how ever ,  t h e  p o i n t s  were  j o i n e d  by a 
S t r a i g h t  l i n e .
Once t h e  i n t e r s e c t i o n  p o i n t  has  b een  d e t e r m i n e d  
t h e  r a t i o  o f  t h e  a c t u a l  f l a m e  r a d i a t i o n  r a t e  to  t h e  
b l a c k  feody r a d i a t i o n  r a t e  a t  t h a t  t e m p e r a t u r e  g i v e s  
t h e  e m i s s i v i t y .
To i l l u s t r a t e  t h e  method o f  w ork ing  o u t  r e s u l t s  
t h e  f i g u r e s  o f  E x p t .  No. Op Sequence  l e t t e r  M may be 
t a k e n .
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T o t a l  Hea.t T r a n s f e r .
—7
The c o r r e c t e d  g as  r a t e  was 4 0 , 2 0  f t - V h r ,  , 
r e p r e s e n t i n g  a h e a t  i n p u t  o f  2 0 ,1 0 0  B . t , u . / h r ,  or  
5065 K c a l / h r i  The t o t a l  h e a t  o u t p u t  to  each  
c a l o r i m e t e r  was o b t a i n e d  by m u l t i p l y i n g  t h e  w e ig h t  
f lo w  r a t e  by t h e  t e m p e r a t u r e  r i s e .  T h is  was t h e n  
e x p r e s s e d  as  a p e r c e n t a g e  o f  t h e  h e a t  i n p u t  and a l s o
n
c o n v e r t e d  to  h e a t  f l u x  i n  3 , t . u . / f t  h r .  by d i v i d i n g  
th e  h e a t  f l u x  i n  B . t . u / h r ,  by t h e  r e s p e c t i v e  s u r f a c e  
a r e a s  ( d e d u c t i n g  t h e  s i g h t i n g  h o l e s )  o f  0 .1 5 6 1  f t .  
f o r  t h e  4 ” c a l o r i m e t e r  and 0 .5 o 6 8 f t  f o r  t h e  1 2 ” 
c a l o r i m e t e r s .  The i n d i v i d u a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  
were t h e n : c a l c u l a t e d  by d i v i d i n g  by t h e  t e m p e r a t u r e  
d i f f e r e n c e  be tw een  t h e  f l a m e  (m ea su red  by t h e  Schmidt 
method) and th e  mean w a t e r  t e m p e r a t u r e .  F i n a l l y  t h e  
h e a t  b a l a n c e  was c o m p le te d  by c a l c u l a t i n g  t h e  p e r c e n t a g e  
f l u e  l o s s *
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C alo r im e i  
No *  f rom  
Bottom .
; e r Wat £ 
K g/hr .
r  Flow 
Temp Rise
°o
j HoaJ 
k c a l / h r
b O u tpu t  
A> Heat 
I n p u t
H ea t  F lux  
B t u / f t 2 h r .
1 .1 1.80 12.85 ! 23.13j 0.457 554
1 .2 7.04 9*55 6 7 . 2 3
j
1.33 1609
1 .3 10.26 9.35 95.93 1.89 2296
2 .1 13.46 9.73 130.97 2.59 3134
2 .2 1 7 .0 7 i o .85_ 1 8 5 . 2 1 3.66 44p2
2.3 18. ?8 11.50 215.97 4.26 5168
3 58.83 12.55 738.32 14.57 5791
4 46.95 12.00 563.40 i n . 12 4419
5 40.17 11.05 :! 443.88 | 8.76 3482
Over 0,11 [2464.03 148.64 3884
T a b le  above  o o n t .  ( a c r o s s )
Mea,n W ater  
Temp °0
Flame Temp. 
°C.
4& t.° F . C o e f f i c i e n t  
B t u / f t 2 . h r .°¥i
■ 25 1002 1759 0.315
24 958 l 68l 0 .958
24 914 1602 1.43
24 1016 1786 1.75
25 1089 1915 2; 31
25 1021 1793 2,88
25 1062 1868 3.10
25 1019 1789 2.47
........ 25 . ....... 837 1460 2.38
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The f l u e  l o s s  was c a l c u l a t e d  by f o r m u la  20b . , 
u s i n g  v a l u e s  o f  t  ( t e m p e r a t u r e  d i f f e r e n c e )  -  1258°F, 
x (^OOg) -  8 .45?  g i v i n g  a p e r c e n t a g e  f l u e  l o s s  o f  
53*06^; t h u s  t h e  t o t a l  h e a t  a c c o u n te d  f o r  was 101.70 fo 
of t h e  i n p u t .
R a d i a t i o n  H ea t  T r a n s f e r .
R a d i a t i o n  was c a l c u l a t e d  a s  o u t l i n e d  above .  In  
t h i s  c a s e ,  a l l  t h e  s i g h t i n g  h o l e s  gave t h e r m o p i l e  
r e a d i n g s  o f  n o t  l e s s  t h a n  O.OlOmv and r a d i a t i o n  was 
c a l c u l a t e d  d i r e c t l y  f rom  t h e s e  r e a d i n g s .  O th e rw is e  
t h e  s u c t i o n  p y r o m e t e r  r e a d i n g s  were  t a k e n  a t  s i g h t i n g  
h o l e s  where  t h e  t h e r m o p i l e  r e a d i n g s  were b e l w w  t h i s  
l e v e l  and t h e  e m i s s i v i t y  c a l c u l a t e d  from t h e  gas 
r a d i a t i o n  c u r v e s .  I n  such  a c a s e  r a d i a t i o n  was 
c a l c u l a t e d  from t h e  b a s i c  e x p r e s s i o n  1 . 73x 10~9 e t 4 
B t u / f t ^ . h r .
R e s u l t s  f o r  E x p t .  05 Seq u en ce  l e t t e r  M were  as 
f o l l o w s .
— ■ 94^"*
P o s i t i o n
iCalor tS igJa t  
I . 'H o le .
FI ame;Th ermopi 1 el H e a t  R ad ia ted i  RadKr Heat  
IB i  am. R e ad in g  B t u / h i v  $  Ho a t  "j F lu x  ? 
I n .  'From Flame ; I n p u t  ! B t u / f t  h r
i mv.
1.1
1 . 2
1 .3  
2 . 1  
2 . 2
2.3
3
4
5 ii
1 .1
1 . 2
1 .3  
2.1 
2 . 2
2.3
3 .1
3 .2
4 .1
4 .2
5 .1
5 .2
i i
2
l i
i i
1?
l i
i i
l i
I —x 2
0 .0 2 0
0.030
0 .037
0.038
0.043
0 .044
0.048
0.050
0 .034
0 .0 2 0
0 .0 1 4
0.010
0.537
468
654
1310
2440
2480
2820
2890
3160
1740
776
O vera ll  24.67 1970
+ Beyond t h e  end o f  th e  f l a m e ,  t h e  d i a m e t e r  o f  t h e  h o t
g a s e s  was t a k e n  a s  1-g-'1.
Thus r a d i a t i o n  a c c o u n te d  f o r  24 .67  x 100 = 50 . 7%
4 8 ! 6 4  o f  t h e  h e a t .
t r a n s f e r .
T e m p e r a t u r e  and E m i s s i v i t y .
At s i g h t i n g  h o l e  1 .1  t h e  t h e r m o p i l e  r e a d i n g  was 
0*441 mv. on 1 v i e w i n g ” th e  b l a c k  body f u r n a c e  t h r o u g h  
t h e  f l a m e  w i t h  t h e  f u r n a c e  a t  9 l 6°C ( t o t a l  r a d i a t i o n  
r a t e  2^719 c a l . / c m 2s e c , ) ;  t h e  t h e r m o p i l e  r e a d i n g  was
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0 .7 1 5  w i t h  t h e  f u r n a c e  a t  1075°^  ( t o t a l  r a d i a t i o n  r a t e
4 .4 9 1  c a l / c m ^ s e c . ) .  On p l o t t i n g  and j o i n i n g  t h e s e '
p o i n t s  t h e y  i n t e r s e c t e d  w i th  t h e  l i n e  a t  t h e  p o i n t
3.59  c a l . / c m ^ s e c ,  , 01575 niv. The fo rm e r  c o r r e s p o n d s
t o  1002°C. S i n c e  t h e  r e a d i n g  from th e  f l am e  a lo n e
was 0 .020  rnv., t h e  e m i s s i v i t y  was Q.Q2Q ~ 0 . 035 .
0.575
When It  was n e c e s s a r y  t o  u s e  th e  H o t t e l  and E g b e r t  
c u r v e s  t h e  e q u i v a l e n t  t h i c k n e s s  was t a k e n  as  0 , 9 0  x 1-g-in. 
t h a t  i s ,  u s i n g  t h e  f a c t o r  0 . 9 0  recommended f o r  an 
i n f i n i t e  c y l i n d e r  r a d i a t i n g  t o  w a l l s .
C o n v e c t io n  Heat  T r a n s f e r .
The c o n v e c t i o n  h e a t  t r a n s f e r  was c a l c u l a t e d  a s  t h e  
d i f f e r e n c e  be tw een  t h e  t o t a l  and t h e  r a d i a t i o n  h e a t  
t r a n s f e r .  I t  was e x p r e s s e d  a s  a  p e r c e n t a g e  o f  t o t a l  
h e a t  i n p u t ,  c o n v e r t e d  to  h e a t  f l u x  B t u / f t ? h r .  and a l s o  
c a l c u l a t e d  i n  t  orms o f  t h e  c o n v e c t i o n  f i l m  c o e f f i c i e n t  
by d i v i d i n g  by t h e  mean t e m p e r a t u r e  d i f f e r e n c e  be tw een  
f l a m e  and w a l l  t e m p e r a t u r e s .  H ea t  t r a n s f e r r e d  by 
c o n v e c t i o n  p e r  c e n t  of  i n p u t  was 2 3 .9 7 $ ;  h e n ce  h e a t  
f l u x  o v e r a l l  1914 B t u / f t 2h r .
Mean f l a m e  temp »  986°C, mean w a l l  temp = 40°C.
•  o
. . C o n v e c t io n  f i l m  c o e f f i c i e n t  s  1.08  B t u / f t  h r .  ° F .
E xcess  A i r .
The CO2 c o n t e n t  o f  t h e  f l u e  g a s  was 6 . 45$ .  S in c e
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t h e  c a l c u l a t e d '  t h e o r e t i c a l  COg was 11*7$ w i t h
t h e o r e t i c a l  a i r  o f  4*31 v o l . / v o l . t o w n  gas  y i e l d i n g
3*92 v o l .  d r y  f l u e  g a s / v o l . t o w n  g a s .
* . T o t a l  d ry  f l u e  g a s  -  3«92x 11 .7  := 7« H 0v o l / v o l .
6,45  town g a s .
. . E x cess  a i r  -  -  3*92 -  3.19  v o l . x s  a i r / v o l .
town g a s ,
, ... E x ce ss  a i r  p e r  c e n t  -  5.19  x 100 -  7 4 . 0%'
4 .31
A n a l y s i s  o f  V a r i a n c e .
The above d e s c r i b e s  t h e  t r e a t m e n t  o f  f i g u r e s  o f  a
s i n g l e  e x p e r i m e n t .  F o l l o w i n g  t h i s  s t a g e  ho w ever ,  t h e
s e t s  o f  r e s u l t s ^ f o r  the whole  g roup  o f  e x p e r i m e n t s  were
a n a l y s e d  in. many c a s e s  by t h e  t e c h n i q u e  known as
a n a l y s i s  o f  v a r i a n c e .  T h is  i s  d e s c r i b e d  f o r  example  
B9i n  B ro w n lee^ y and i s  b a s e d  on t h e  a d d i t i v e  c h a r a c t e r  
o f  v a r i a n c e .  The l a t t e r  i s  a m easure  o f  t h e  
v a r i a b i l i t y  o f  a s e t  o f  f i g u r e s  which i s  t h e  sum of  
t h e  s q u a r e  o f  t h e  d e v i a t i o n s  from t h e  mean d i v i d e d  by
" 1
one l e s s  t h a n  t h e  t o t a l  number o f  o b s e r v a t i o n s .  Thus 
i f  a  p r o c e s s  h a s  a unmber o f  f a c t o r s  each  i n d e p e n d e n t l y  
making a c o n t r i b u t i o n  t o  t h e  v a r i a n c e  of  t h e  f i n a l  
p r o d u c t , ,  t h e  t o t a l  v a r i a n c e  i s  e q u a l  to  t h e  sum o f  t h e  
component v a r i a n c e s .  This  fo rm  o f  e x a m in a t io n  a n a l y s e s  
t h e  t o t a l  v a r i a n c e  i n t o  i t s  component f a c t o r s ,  t h e  
r e l a t i v e  i m p o r t a n c e  o f  which can t h e n  be  a s s e s s e d .
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The f i n a l  t a b l e  o b t a i n e d . i s  o f  the  fo l lo w in g  form. 
The r e s u l t s  f o r  theajm&l e f f i c i e n c y  fo r  th e  bottom l 6” 
o f  tube have been taken  as an example.
Source of V ar iance , ;
: 1
Momentum |
Corrected 
Sums of 
S q u ares .
Degrees
of
Freedom
Mean
Squares
Tes t
Ratios
S ig n i f ic a n c e
Level .
7S /950V- , i 7 8 . 9 5 22.9 A +
das Rate j 39.700 1 3 9 . 7 0 H .5 -1. 4.
Sound P re s s u re  [5 1 1 .4 8 ' 3 1 0 3 . 8 3 0 . 2 4* 4*
Sound Frequency j 7 9 . 4 4 1 7 9 . 4 4 23.1 4* 4> 4*
I n t e r a c t i o n s :
Frequency x P r e s s u r e 47*7071 3 1 5 . 9 0 4 . 6 2 *\
Gas Rate  x Frequency 6 , 9 8 5 3
i
1 8 . 9 9 2 . 0 3 n . s .
!i
Momentum x Frequency 2.2785 1 2 . 2 8
V
O
V
O•0 •CG*
P re s s u re  x Gas Rate 9 . 0 4 0 2 3 3 . 0 1 0 . 8 8 n . s .
P re s su re  x Momentum 6 . 7 2 4 3 3 2 . 2 4 O .6 5 n . s ,
Momentum x Gas Rate 1 . 0 1 2 0 l 1 . 0 1 0.29 | n . s .
R es id u a l . 4 4 . 7 2 7 0 13 3 . 4 4 0
\
T o ta l  628.0443 i 31i i
The t e s t  r a t i o s  were examined f o r  t h e i r  l e v e l  of
cQ
s i g n i f i c a n c e  in  the  Tables of  Variance Ratio- '  . Symbols 
and terms d e f i n i n g  the  s i g n i f i c a n c e  l e v e l  a r e  used in  the 
above t a b l e  and l a t e r  with th e  fo l low ing  meanings, 
n . s .  -  nnot s ig n i f i c a n t * 1,
+ -  ” S i g n i f i c a n t ” i . e .  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  th e
95 p e£  c e n t  p r o b a b i l i t y  l e v e l ,  r e p r e s e n t i n g  a 5 P®r  
c e n t  p r o b a b i l i t y  t h a t  t h e  e f f e c t  was due  to  ch an c e .
•+ 11 v e r y  s i g n i f i c a n t 1’ i . e .  s t a t i s t i c a l l y  s i g n i f i c a n t
a t  t h e  99 P ^ r  c e n t  p r o b a b i l i t y  l e v e l .
+ 4-4- ’’h i g h l y  s i g n i f i c a n t ” i . e .  s t a t i s t i c a l l y  
s i g n i f i c a n t  a t  t h e  9 9 ,9  p e r  c e n t  p r o b a b i l i t y  l e v e l .
F o r  some p r o p e r t i e s  m u l t i p l e  r e g r e s s i o n  e q u a t i o n s  
i n  t h e  f o l l o w i n g  fo rm  have  been  d e r i v e d  from t h e  r e s u l t s .  
P r o p e r t y  -  C o n s t a n t  4 b]_ x (Sound P r e s s u r e )  + b2 X .
(Gas Flow R a te )  ^  $3 x (Gas Momentum F lu x )  4. 
t>4  X ( Sound P r e s s u r e )
b i ,  b g ? b j ,  and b ^  a r e  c o n s t a n t s . .
I t  s h o u l d  be n o t e d  t h a t  o t h e r  forms o f  e q u a t i o n s  b a s e d  
on po w ers  o r  o t h e r  f u n c t i o n s  c o u ld  a l s o  be  d e r i v e d .
Where f r e q u e n c y  h a s  b e en  fou n d  to  h a v e  a s i g n i f i c a n t  
e f f e c t ,  s e p a r a t e  e q u a t i o n s  h ave  been  d e r i v e d  f o r  each  ■ 
f r e q u e n c y ;  o t h e r w i s e  t h e  r e s u l t s  f o r  t h e  two f r e q u e n c i e s  
h ave  b e en  p o o l e d .  B eca u se  i t s  e f f e c t  i s  e r r a t i c  i n  
d e t a i l ,  f r e q u e n c y  h a s  b een  c o n s i d e r e d  as  a ’’t r e a t m e n t ” 
n o t  a m a g n i tu d e  and does  n o t  a p p e a r  i n  e q u a t i o n s .
The f i g u r e  p r e f i x e d  by t h e  £ s i g n  f o l l o w i n g  e q u a t i o n s
r e p r e s e n t s  t h e  ’’c o n f i d e n c e  l i m i t s ” w i t h i n  w hich  95 p e r  
c e n t  o f  t h e  d i f f e r e n c e  be tween  c a l c u l a t e d  and d e t e r m i n e d  
v a l u e s  may be e x p e c t e d  to  l i e ;  t h a t  i s ,  t w i c e  th e  
s t a n d a r d  d e v i a t i o n .
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T h e  e q u a t i o n s  s h o u l d  o n l y  b e  u s e d  o v e r  t h e  r a n g e  
o f  v a l u e s  o f  t h e  v a r i a b l e s  u s e d  i n  t h e s e  e x p e r i m e n t s .
E x p e r i m e n t a l  R e s u l t s .
A l l  t h e  e x p e r i m e n t a l  r e s u l t s  a r e  t a b u l a t e d  o n  
t h e  f o l l o w i n g  p a g e s  IOO-I36 i n c l u s i v e .
dOO~
E xp er im e n t  No. j i
1 1 1 2 . ,3_.  _ 4 ....5. _____
|
‘O a l . l . l j
Ternp R i s e  °0 / |12.88 j 6 .3 0  
Water  Flow Kg/Hrj 1 . 7 3 * 4.89 
Wall Temp. °0  3 6 . 0 0 | 35.43
. 1 . _____
7.45
4 .35
28 .1 5
4 . 2  5 
4 . 8 0  
4 1 .7 0
1 2 .8 5
1 .8 0
35.40
C a l . 1 .2
Temp R i s e  u0 
'Water Flow Kg/Hr 
Wadi Temp. °0
7*73
8.53
33.80
5 .47
1 3 . 2b
35.30
*14.20
2 .7 0
35.00
5 . SB 
7.05 
4 2 .3 0
9.55  I 
7.04  
33.20
Cad. 1 ,3
Temp.Rise  °0 
Water Flow Kg-/Hr 
"Wall Temp,°0
vTfo
1 0 ,8 8
37.OO
11 .  72 
9.38 
37.80
15.-80
3 .6 0
3 8 .0 5
13.92
6 .2 1
3 8 .3 0
9.35
1 0 .2 6
34.50
i
O a l .  2 .1
Temp.Rise  °0 
‘Water Flow Kg/Hr 
W al l  Temp.°0
12 .96
1 0 .2 6
40.30
1 1 . 3 8 1
1 7 .8 0
43 .00
2 1 .2 0
2 .9 2
39.75
14.10
7.65
39.20
9-73
13.46
37.60
O a l . 2 ,2
Tem p.R ise  °0 
Water Flow Kg/Hr 
Wall  Tomp.°0
7 . 6 0 ! l l ,28 
2 6 .2 5  122.53 
44.40  (47.30
13 .2 0
1 1 .4 0
4 2 .3 0
10.70
1 2 .9 0
4 0 .6 0
1 0 .8 5
17.07
44 .50
O a l . 2 .3
Tem p.Rise  °0 
W ater  Flow Kg/Hr 
Wra l l  Temp.°0
8 .  76
25 .6 0
4b, 60
j14.32 
[18.39  
4 8 .7 0
2 2 .4 0
4 . 8 0
43-00
1 1 .2 5
12 .24
38.70
1 1 .5 0
18 .7 8
4 5 .1 0
Oal .  3
Temp.Rise  
l a t e r  Flow Kg/Hr 
Wall  Temp.°C
16773 [17.43 
43.35  41 .64  
5 3 .7 0 { 49.10
... . | ........
1 4 .90  
2 4 .0 8  
3 6 .2 5
19.57
15.46
39.70
1 2 .5 5
5 8 .8 3
47.40
Oal,  4
Temp.Rise  °0 
"Water Flow Kg/Hr 
Wall  Temp.°0
1 2 . 5 0 | l o . 32 
44 . 7 8 j 33.07 
4 2 .8 0 1 4 6 .5
......... I ........- -
1 9 .6 0  
8 .6 2  
2 2 .4 5
1 5 .2 0
14.46
37.10
1 2 .0 0
46.95
4 1 . 6 0
O al .  5
Temp R i s e  °0 
"Water Flow Kg/Hr 
Wall  Temp,°C
1 0 .0 3  i l l . 48 6.40 
43.38  36 . 79 ' 37.20 
40 . 8 0 (4 0 . 0 7 ! -  
.........!......  .... ! ........
2 7 .2 3
5.78
4 8 ,1 0
H . 0 5
40.17
F l u e  Gas T e m p e r a tu r e  °C. 740 j ^ 8 5  j 394  j I
300 720
£ot_es . 1,. Mean w a l l  t e m p e r a t u r e  m easured  a t  t o p  end o f  
c a l o r i m e t e r . -  2, C a l o r i m e t e r n u m b e r e d  from 
j e t  u p w a rd s .  d* I n t e r m i t t e n t  F a u l t  i n  W all  
T e m p e r a tu r e ,  T herm ocouple  on Ca,l. 5 .
~10'1
T a b le  14 c o n t .  ( a c r o s s )
6 7 8 ! 9 ! 10 ! 11 i 12 • 13 i 14. i
7.65
4.78
3 2 .2 0
1 1 .5 0
2.15
32.40
i
1 1 . 4 5 [ 14.30
1 .72  1.97  
3 2 .8 0  4 0 .0 0
s
1
7,55  [ 2 . 7 0  
6 .1 8  p.2.70 
3 4 .5 0  2 6 , 8 0f
9 , 8 0
3 .3 3
3 1 .9 0
1 4 .7 2
2 .0 8
3 6 ,9 0
4 . 2 5  1 
8 .9 1  j 
2 8 . 1 0  1
1 0 .3 2
11.40
3 2 ,6 0
6 .0 5
U .,48
30.90
9.35
8 .2 5
35.50
1 0 .7 0
9 .7 8
39 ,0 0
6 . 6 3  i 7 .00 
2 3 .4 0  j 8 .7 6  
3 8 .8 0  131.40i
1 4 .2 7
7 .35
4 2 .7 0
"16.17
4.40
41.00
4 , 8 7  1 
2 2 .3 2  
3 5 .8 0
17.32
9 .57
35.70
6 .8 0  
1 2 .9 0  
3 1 .8 0
10.55
1 0 .2 9
37.10
8 , 5 0
2 0 .9 4
4 2 .0 0
9-33
2 6 .2 8
45.60
16 .3 8
3 2 .0 0
1 6 .9 0
9 .3 3
4 0 .7 0
9.25
1 7 .0 0
41.10
5. 95
33.82
3 8 .8 0
14.73
14.40
39.80
5.70
22.50
33.00
11.931  8 .3 0  
1 0 . 6 8 [ 2 9 . 7 0  
3 3 . I 0  [44,20 
___  _j. ...........
9.55
3 2 .2 5
48,40
5.45
25*20
33.80
6 .9 5
2 8 .3 8
35.40
1 6 .5 8
4 5 .1 0
8 -55
I I :  60
1 9 .2 0
1 2 .2 7
47.20
7 .50  
I f .  Q4 
3 6 .5 0
1 1 .0 5  11 1 . go 
12 . 3-0 122. 3?  
37 . 3 0 | 5 0 .8 0
i'_U __-
ri i  M  
26 . 4$’ 
53.70
17.05
3 9 .7 0
...... . ..
10.84
12.8.8
3 6 .6 0
1 2 .5 5
1 9 .6 6
5 1 .1 0
1 0 .0 0
2 7 .9 8
5 0 .8 0
1 7 .7 2
1 4 .0 2
43.30
' 6 ,3 0  
20,43
35.60
9 . 0 0 :  9 .0 5  
1 3 . 2 8 : 3 0 . 4 5  
3 5 . 6 0 1 4 7 . 3 0
14.37
18.52
5 0 .0 0
.
6 .1 0
2 2 .6 5
3 5 . 0 0
1 0 .6 2
1 1 .8 5
'35.50 4 9 .6 0
9.43
2 9 .4 0
47.10
19.13
3 6 .4 2
43.20
1 0 .6 0
2 8 .8 3
3 6 ,2 0
1 8 .0 8  114.35117.53
1 4 . 2 8 1 4 9 . 0 6 1 3 4 .9 8
3 7 . 4 0 [4 8 . 2 0 147.20
i ;
15 .0 8
2 0 .7 3
3 7 .4 0
2 2 .1 8
1 1 .4 0
39.80
1 6 .3 8
4 1 .8 5
48.00
13.98
4 8 .0 8
45.70
17.73 
JO .5'5
4 6 .4 0
10.90
1 9 .0 2
32,50
1 2 .3 2  111.20 
1 6 . 3 2 [ 4 5 . 6 0  
3 5 . 0 0 [ 4 0 . 8 0
15.37 
28 . bO 
43.20
2 4 . 5 5
1 3 .8 3
2 6 .8 0
1 8 .0 0  
8 . 6 7
3 7 .0 0
1 6 .5 5
31.42
45.40
14.40
3 1 .8 0
42.10
1 1 .1 7
3 8 .2 5
4 0 .8 0
19,90
9 .0 0
23. 45 I l o ,00
4 .9 S  j 4 2 .0 0
4 5 . 6 0 i -
,1 2 ,9 0
29.25
40 , 40
2 9 .8 0
4 .8 3
.
1 8 .0 0  
8 .0 0
1 .5 . 2 2
31 .9 5
4 2 .1 0
9.37
4 2 .3 3
600 - 320
1
320 1 680 1 560
1
330 1 312s 640 630
~1Q2~
T ab le  14 c o n t .  ( a c r o s s )  ____________________ _
' 1 \ < , !
15 i 16 17 ! 18 : 19 20 i 21 ! 22 ; 23 1
9.38  ; 9 .-9 0 ; 10 .65  i 8 . 43110.02 
3 . 1 2  ! 3 . 9 0 ! 1 .8 2  ■ 2 .9 7 ;  1.40  
3 2 .20  {39 . 35'134.40  129.65 :30 .5 0
! i ] 
i i i j '
4.10  (13.50  j 1 2 .8 0  (12.10  I
3 .5 1  ! 1 . 7 3 i 1 . 9 4 ;  1 .8 0  1 
26 .4 0  (37.80 (37 .60  (34 .20  j
i ( ! !
.. - L .  . ( ! t
(17.20 121.05; 8 .4 5  1 7 . 5 5 ; § .7 3  
2 . 6 4  i 3 .6 6 !  7 .2 0  1 7 .7 0  ; 6 .5 7  
3 8 .2 0  15 1 .5 0 ;3 3 .7 0  I 3 1 .3 5 1 2 8 .70: 5 j \ \
3 .8 5  ( 1 0 . 3 0 , 1 0 . 7 5 ;  6 . 5 2  1 
1 2 .5 2  ( 8 . 3 2 ( 1 4 . 2 2 1 1 3 . 3 2  1 
3 0 .5 0  3 6 . 6 0 1 4 0 . 5 0 , 3 3 . 2 0  j
1 2 . 6 2  113 .53 ; 8 . 6 2  | 7 ..5 5 i 6 .9 0  
7 .2 9  111.91 :11.76  (13.92! 9 .1 0
557.00 146. 5 0 135.50  133. 5 0 (30.30
j : ! |
5 . 8 5  (12.30  112. 6 5 ! 7 .44  
1 7 ,2 5  1 0 . 6 2 1 1 9 . 5 0 ( 1 6 . 9 1
34.80  (40.10  (43 . 9 0 (35.60j ( J 1
1 5 . 8 5  1 2 .2 5  8 .1 0  
7 .6 5  113.41116 .80  
p 8 . 2 0  144-50; 38.OO
7 . 7 5 ! 9.95 
26.971 9 .2 6  
3 9 .5 0 j 3 3 .8 O
- - '
6 .5 8  (11 ,78;  8 . 1 0  
2 3 .1 0  I i 6 . 20 (37 .10  
3 6 .4 0  (43.10 (46 .20
12.37  ;
1 0 . 8 0  I
39.20  jr
19.88 H 3 .6 8  i l Q . 00 
<-14.31 1 9 . 8 4 4 7 .7 0  
141.00 |4 5 . 70145.20I 1 - }
\ . | ........  !
1 5 . 0 3 1 1 0 .6 8  
1 6 . 1 2 j 1 1 .9 0
47 -OOj3 7 .8 0
-l ............
6.75  (12.15! 9.75 
2 2 .3 8  (18.90 !2 9 . 70 
3 8 .1 0  (49.00 ,5 0 .3 0
i
10 .9 4  | 
13 .64  i 
4 0 .6 0  j
\
p-5-55 1 1 . 6 2 ( 1 0 . 6 2  
7 .6 8  1 1 0 .0 5 (2 0 .1 9
141.10 j4 l . 4 5 j 45.60
I !
1 0 . 5 5 4 0 . 4 0  
2 5 . 8 0 j 1 2 . 2 7  
4 4 . 0 0 ( 3 7 . 5 0
i
b .9 8  j 9 . 8 8 !  8 .6 0  
1 8 . 1 2  125.38 ; ;c , '/3 
3 5 ,2 0  [46.90 (4 6 . Bo
- -.........  j- - •... ■  j- -....  -
8 . 5 0  i 
1 7 .8 5  i 
3 6 .6 0  ;
P-3.90
123.40
3 6 .8 0
1 2 , 3 3 ( 1 2 . 4 0
2 2 . 8 0 j 5 8 . 0 5
4 0 . 6 5 1 4 8 . 7 0
1 6 . 7 0  2 0 .0 0
4 4 .2 5 1 1 5 .3 3
4 8 . 20I38.8O
1
I . 9 0  (14.50  1 1 . 6 7  
3 1 .7 2  (4 7 . 6 4 ,55.05 
34.30  (47.70  [45.30
1 0 .8 2  j 
30.75  |
35.20  j
111.72 
1 8 .8 2  
34.20
2 2 . 8 5 I 1 1 . 2 5  i i 3 . l o j i 5 . l 7  
6 . 30 ; 4 9 . 4 7 (44 ,01  1 4 .2 8  
27 . 50138 . 3 0 1 2 7 .1 5 1 3 2 .9 0
1.............  i . ! -
1 1 .5 2  (11.85 a o , 0 5  
1 6 . 5 0  ,43 . 8 0 (45.57 
2 1 .0 0  140.20 I38.OO 
_____i_______ L_____
7 .8 2  j
2 3 .0 7  1
1 8 .8 0  1;.................. i
17.55
2 6 .4 8
32.50
7 .3 9 1 1 0 .5 5
3 0 . 0 6 j 4 1 .2 2
i
1 O .9 0 I 1 8 .0 8
4 3 . 4 1 (10.62
1 3 7 .2 0
j
8 . 4 8 (10 . 0 0 (10 . 25 ( 9.32  ! 
2 1 .8 5  142. 8 4 (36 . 4 5 (19.50  i 
-  139. 7 0 ; -  1 -  j1 ; ! j
378 321 695 635 349 355 690 635 311
...........  1
~ 1 0 3 r
T a b le  14 c o n t ,  ( a c r o s s )
24 25 26 27 28 29 30 j 31
i
32
11.75
1.48
32,40
7 .64
7 .0 2
3 2 .2 0
15.45
2 .5 4
3 8 .6 0
5728
7.50
3 2 .0 0
1 2 .2 1
2 .8 5
3 2 .8 0
6773
2 0 .7 0
48.30
1 4 .5 7  j
10.30!
5 9 .5 0
5 .6 0
11 .1 0
34.20
8 .3 0
4 . 8 o
•43 . 6o
i
1 1 .0 8
7 .1 6
35.50
9 .34  
13 .77  
39 .10
1 8 .2 0
58.80
8 . 45 '
10.95
35.80
1 3 .6 3
9.51
4 2 .8 0
1 8 .2 2
48.30
1 0 .1 5
3 1 .8 3
5 0 .6 0
5.55
25.23
37.40
7'.25
17 .6 9
43.30
13.42
9.40
38.OO
Ui ° . 75 
2 0 .8 5  
43.50
£ .8 7
3 6 .9 0
5 2 .0 0
5/58
24.70
35.40
21 .1 0
7 . 5°
43.80
9 .7 4
3 1 .2 0
45.80
1 5 .6 5
2 0 .7 0
4 9 .4 0
5.74
2 4 .9 2
35.60
1 5 .0 5
1 0 .2 3
43.30
1 4 .2 2
9.56
38.40
i i . 4o 
23 .2 5  
.4t).  80
I2 .9 3 I
2 5 .8 9
49.00
7 . 35’
1 9 .1 1
37.40
17775"
8.92
41.10
1 2 ,2 0
24.33
47.60
.12.58
23 .4 0
47.80
6 .4 4
19 .92
34.90
17.95 
7.41  j 
41.70  |
1
1 1 .1 2
1 2 .0 0
,37.40
1 1 .6 9
23 .58
5 1 .0 0
1 6 .6 5
315790
5 1 .6 0
1 0 .2 0
■11.25
39.10
1 6 . 2 5 I 1 5 . 3 0  
77318. 1 6 , 5 5  
4 0 .6 0 '15 1 .5 0
.............................  1 . .................
13.93
. 1 8 . 0 8
5 6 ,6 0
8 . 1 2
1 2 .9 0
3 5 .6 0
!
1 1 .5 0  ! 
1 2 .2 7  ! 
4 3 .4 0
8790
12.93
33.40
1 3 .2 5
1 8 .8 1
4 8 .8 0
1177?
21.54
44.00
8 .0 5
1 4 .1 8
35-00
7.43
16.00
34.20
j 1 3 .0 8
17.97
45 .2
13.48
16.35
46.40
6 .1 0
15.64
3 2 .5 0
5 .7 5
2 0 .3 0
4 3 .8 0
17.25
14 .34
36.40
17.95
35.22
47.40
14.42
4 6 .0 5
43.20
9 .1 0
3 0 .0 0
34.40
15.75
15.93
36.70
1 2 .8 7
44.40
43.20
1 5 .8 0
33.90
44.40
8 .0 7  
3 0 .04 
3 2 ,9 0
16.80
1 5 .2 0
37.00
1 3 .6 0
14.50
32 .0 0
l
1 2 .1 0
4 0 .2 0
3 9 .8 0
9.95
43.65
2 4 .0 0
8 .4 0
2 2 .5 8
2 5 .0 0
1 0 .3 8
19.59
33.00
1 8 .9 3
2 0 .7 8
34.00
14.15
2 8 .2 0
4 0 .4 0
7 .6 2
2 3 .8 0
1 7 .8 0
IL-. ___
14.07
1 4 .1 6
3 2 .8 0
122.50 
! 7 . 3 6  
4 0 .6 0
11.84
33.18
4 0 .1 0
•9.30
4 2 ,9 6
1 o 7 S 2
1 6 .2 0
5.93
31.44
49.00
i
13.18
2 6 .4 8
i
1 O 5
29.55
39.50
7 T .14
117.83
i
19.95
8 .6 6
37.60
... -4
315 595 ! 570 I 345 i 335 j 575 530 300 310
-1 0 4 -
T a b le  15 . EXPERIMENTAL RESULTS.
GAS RATE. AIR HU4 IDITY. FLAME LEU GTE & PLUS GAS ANALYSIS
E x p t . C o r r e c t  ed
A i r  Temp*.. Or?,.A . .-£} .— - ' Flame F lu e
Ww a. J-J W ’V. Mi,KJ 1 U J. U
Gas A n a l y s i s
Ho. Gas-, R a t e .
F t - V h r .
Dry jWet 
B u l b |B u l b
L eng th
I n .
S a t . d r y flue.* gas
. PP2 ... ... Abb. ...... GO .
1 40 .24
i j
69.0  57.5  [60 .0 6 .9 2 10.07
2
7
40.52
2 0 .1 0
! 1 
6 4 . 0 * 5 9 . 0 |4 9 .0
71 . 5 i 6 1 .0  I28.O
b .95
2 .6 0
9 .3 8
l b  -10
—
t j.
9
2 0 .1 6  
. .40 , 20.....
-  167 . 0159.0 
69 . 5 L62._5 1
2 5 .5
.5JL 5. ..
3 .0 8
6 . 4 5
1 5 .8 5
..9 . 6q
0.05 
. 0-0.8
n
1
4 0 .24
2 0 .1 2
1 1 6 5 . 0  59 . 0 :!
6 9 .0 I 6 4 . .5 .
■50.5 
2 6 .0  • .
6 ,6 0  
2 .8 2
9.58
16.30
8
9
20.14
40.40
I
6 6 . 0 | 6 1 ,0
74 . 0 ] 66 ..0
1 5 .0
-55-0___
3.25
7-..Q9-
1 6 .3 8
9-10 0 .1 8
10
11
4 0 ; 40 
2 0 .2 0  ...
r
6 7 . 0 ) 6 1 . 0  
7 0 . O'! 62-5
44 .0
24.0  . J
6.47 
... 1 -0 0
10.43 
...15.-5-8 ... °*170 .0 8
12
1*?
20 .14  
40 ._5.a._ -
I
69 .O 16 2 .0  
6 7 . 0 1 6 2 ,5 .
3.6.5 
,.58 -Q__ . 0 .8 8
16.55  ‘ 
9-0 8 _ . 0..- 0.2.... ...._
14
19
i:
4 0 . 2 4
20 . 1 4 ...
6 7 . 0 1 6 1 . 5  
6 7 .0 1 5 6 . .  0.
45.0
25.0
6 .2 2  
. 9-09
10.40 
~15 - 8.7 .._
0 . 0 2
16
17
j
20 .18  
4.0..92
b  '0 9 .0  joO.O 
_6 7 - 0 1 6 2 - 0
15.0
6 0 .0  . .
2 .60
....6-_79_
15.50 
10.3.7 ■. 0..0.8. . ..........
18
19
i j ' !
4 0 .1 6  1 6 9 .0 * 6 2 .0
i 10.02  167.0 157.5
55.0 
25-5  -
6 .4 0
- 3 *22 -
10 .04  
1 6 .5 0  _
0 .3 5
, 0,15
20
21
20 .1 6
4 0 .1 6
6 9 .5  | S 2 . 5
64 .5  !58.0
18 .0
5 8 .0  -
2 .8 5 15.53
1 0 .2 0
i1
! 0 .0 5
J .JL 1 0  ...... J
22 40.48
20 . 24
73 . 0 | 6 4 .5 
7 7 .0  168.0
4 0 .0
! 10 . 0. ..
6.53
9 - 2.0.
1 0 . 3 2
1 6 . 3.2 .
i 0 .0 2
1.._Q. 4.7.. ...... . .
24
29
\ I
1 2 0 .0 6
I 4-0-12  ;
6 6 . 0  159.0 
68.5  i 6 s .0
{3-5-0
14040..
2.83 
. J L & 5_
1 6 . 8 5  ! “
10 .1 2 --- ;----  —........... *
26
127
| 40.48  |
i "
71.O *65.0 
_21 ..5_io.2- 5-
31 .0  
.15. - a
5 .9 0
L_5~12-
1 10.95 
!...16.-42.. .
\ ■ : 
1 0 .2 0  
1..Q JL.Q_____
l a s t  5 l i n e s  o v e r l e a f .
•1Q>
128 2 0 .3 2 - L  i0 9 . 0 54 . 5! U . O 2 .8 2 15.78 _  \1
*29 40.28 o4,0. 60 . 0 ; 3 4 .0 b .  28 1 0 .7 8 i
30 40.12 68,01  b o .0; 25 , 5 6 ,08 11,12 0,05  1
31 20.12 7 1 . o i 6 3 . o i  1 1 .0 3.03 l o .b O 0.32  i
32 f
i 
I
! 
O
; 
cuw
..........— -----------  1
i !
66.0  ! 3b . 0 ; 11 JO 2.88 16.30 ;
T a b le  l b .  E x p e r i m e n t a l  R e s u l t s .  R a d i a t i o n  M easurements  
 and f l u e  gas  t e m p e r a t u r e s  by s u c t i o n  p y r o m e t e r .
E xp er im en t  1 ................... ---• -i— - •j
F l a m d T h e r m - F l a m e  said
.
F u r n a c e
. *■ D i  a m . . I n .
o p i l e  j T h e r m -  
mv.  S o p i l e  
F l a m e  | mv. i 
Ri IRp i  -
F u r n a c e
T e m p .
T l °C
T h e r m ­
o p i l e  
m v .
Rp TT_
F u r n a c e  
T e ra p , 
T u ®0
___  .
iOas r 
T e m p . b y  
S u c t i o n  
P y r o  °C
S i g h t  i n g l ,  1 
H o l e .  ■ v*'- 
1 .2
P
1
.,020
.028
.420
. 4 2 4
"898
899
.7 4 4
.743
T M 5
1084
1-.3 1 .035 .427 896 .758 1088
2 , 1 1 .038 .436 897 .702 1086
2* 2 1-1 .044 .420 900 .712 1086
2 . 3 1-11+ .050 .447 901 .783 1086 '
2 .1 .058 .456 902 .775 1086
3 .2 i | .046 .459 902 .762 1084
4 .1 .0 3 0 .441 904 .741 1082
4 .2 .020■ .429 904 .723 1078
5 .1 .013 .42c 906 .713 1078 ;
5 .2
Fop.
.010 .417 906 .710
■
1080 i
i
T a b le  16 c o n t .  E x p e r im e n t  2 .
Flame
~ w.n.
Therm™ Flame and F u rn a ce
D i  arn. 
I n .
o p i l e
mv.
Flame
Ri
Therm­
o p i l e
mv.
r 2IA
F u rn a c e
Temp.
TjOO
Therm­
o p i l e
mv.
R2 I I
F u rn a c e
Temp.
T IX0 °
Gas T emp. 
by S u c t io n  
Pyro  °C
1 , 1 3 . o i 5 .471 944 ,868 1140
h 2 ”l ..025 .472 945 .893 1162
u l i
.035 .491 944 . 868 1152
2 .1 i | .039 .495 944 .8 8 7 1152
2 f2
i -■■ .039 .479 944 .849 1154
2 t’3 i i .049 .494 943 .903 1155
i t .035 . 496 945 .914 1159 ■
.1,7b\■
t 2
C i
i i .035 .483 946 .914 1160
1— .025 .474 946 .906 1162
4 .2
* *
, 0 21 770
5.1 .013 705
5 .2
r
,008 ■ 635
-107*
T a b l e . l 6 o o n t .  E x per im en t  3 .
**:! . Lp I r-\ \rs\ i PH ^  —/■» 1^ /1 i 1*1' "1 r\ l/Vl /-> n n r lFlame Therm­ Flame and F u rn a c e Gas Temp.
D i  am, 
I n .
o p i l e
mv.
Flame
Ri
Therm­
o p i l e
mv.Rai
F u rn a c e
Temp,
Tj^G
; Therm- 
o p i l e  
mv.
Rp
F u rn a c e  
T e mp.
t i i  0
by S u c t io n  
Pyro  °0
1 . 1 i* 2 .013 .423 9 04 .771 1123
1 . 2 12 .024 .412 892 .808 1138
1.3 34- .028 .405 890 .790 1142
■■2.1 1 .030 .409 885 .841 1149
2 .2 3i+ ,022 .386 882 .803 1154
2 .3 3i+ .018 .394  • 877 .830 1156
3 .1 .010 .372 873 .829 1155
3 .2 560
4 .1 510
4 .2 ; 476
5 .1 j ' 440
5 .2
\
i
400
T ab le  l o . o o n t .  Experiment 4 .
Flame Therm­ .Flame and F u rn a c e
ii
Gas Temp,
D i  am, 
I n .
o p i l e
mv.
Flame
Rj .
Therm­
o p i l e
mv.R2l
F u rn a ce ;  Therm-* 
Temp. . j o p i l e  
Tj 0 j mv.
!r 2 11j
“Furrfac'e'
Temp.
T n °0
by S n o t io n  
P y ro  °C
. .
1 .1 12 .018 . 334 834 ■| .773 1105
1 .2 1 . 2 .021 .340 834 | .772 1106
1.3 12 .024 .362 838 | .780 1108
2,1 314- .028 .356 840 I .786 1110
2 .2 3M- .022 i
.
570
2.3 .014 i 550
3 .1
1
! 505
3.2
1
i
I
| 475
4 .1 i1I
j
! 430
4 .2 I 390
5.1 i
i
330
5 .2
?
i
1
j
j
305
I
T a b le , l b  o o n t .  Experiment S.
Flarne
Diam.
I n .
Therm­
o p i l e
mv.
Flame
Rj
Flame and F u rn a c e
1
Oas Temp, j
Therm**-3
o p i l e
mv.R2I
F u rn a c e
Temp,
TI °0
Therm­
o p i l e
mv.
r 2 I I
F u r n a c e  
T e rap. 
T n 6 c
by S u c t io n  
P y r o .  0
1 .1 4 .020 .441 916 .715 1075
1.2 1 .030 .440 915 .702 1074
1.3 I —2 . 0 3 7 .431 914 .708 1 0 7 4
2.1 4 .038 .445 917 .710 1073
2 .2 .043 .427 918 .6 7 4 1073
2.3 l l2 . 0 4 4 .460 920 . 7 0 4 1072
3.1 11 .048 .473 924 .710 1072
3 .2 .050 .461 925 .7 0 9 1070
4.1 l l . 0 3 4 .462 926 .7 0 4 1068
4 .2 l l2 .020 .454 926 .690 1066
5 .1 . 0 1 4 .452 928 .682 1058
5 .2 .010
1 L_ - _
750
i
-1 1 0 -
T a b le  16.  C o n t» Sxper imer i t  6 .
FI arne
1
Therm­ Flame and Furn3.ce Gas T emp.
I D  i  am, 
In*
o p i l e
mv.
Flame
RI
Therm­
o p i l e  
mv. R-2I
F u rn a c e  
T e m p .  
T i ° C
Therm­
o p i l e
mv,
R2 I I
F u r n a c e  
Temp,.
^11 c
by S u c t i o n  
P y r o ,  0
1 .1 3u - .025 .422 904 .  7o0 1096
1 .2 .039 .425 901 ,762 1098
1.3 . 04? .429 901 786 1099
2 .1 .049 .428 902 .790 1102
2 .2 .045 .411 902 .7 6 2 1109
2.3 1—■*■2 .045 .420 898 .8x2 1112
3 .1 l lX 'e> .041 .424 898 .821 1112
3 .2 1-1J-2 .029 .419 898 .813 1118
4 .1 12 .024 .412 898 .818 1123
4 .2 .019 .408 896 .8 1 7 1126
5.1 .013 700
5 .2 .009
.. !si |
612
1
- T i l ­
l a b l e  l 6 . c o n t .  E xp er im en t  7 .j
r
Flame
Diam.
I n .
r
ITherm-
o p i l e
ill v .
Flame
Rj
. .FJ 
Therm­
o p i l e
mv. Rrj j
Larne and
F u rn a c e
Temp.
X  I ° c
F n rn a c
Therm­
o p i l e
mv,
r 2 I I
3
F u rn a c e
Temp.
T n ° o .
Gas Temp, i 
by S u c t i o n  
P y r o . °C |
1 .1 3'M- ,022 . 4 0 4 878 . 7 1 4 1074
1.2 1 .035 .398 878 .7 0 4 1072
1 .3 1 .035 .406 880 ,710 1071
2,1 1 .032 .4 0 0 882 .692 1072
2 .2 1 ,0 l4 .378 886 .645 IO72
2 .3 1 .009 . 3 9 8 885 .686 1071
3.1
f
i
! .009 .390 886 .6 9 2 1072
3.2 iifi 505
4.1 i! 450
4 ,2 i\i 410
5.1 | 390 j
5.2
t
i
i
■ |1__ I
360 |
I
i i
| F lame
i
Therm­ Flame and F u r n a c e O a s  Temp, 
by S u c t io n  
P y r o , °0
{
'Oiam, 
I n  *
o p i l e
mv. 
Flame
%
Therm­
o p i l e  
mv, Rp j
F u rn a ce
Temp,
TjOC
Therm­
o p i l e
mv.
r 2 11
Furn-ac e
Temp,-
T °0 I I  u
1 . 1 12 .027 . 4o8 932 .802 1110
1 .2 3
4 - .041 .467 929 .801 1110
1.3 1 .040 .4 6 5 926 .8 0 4 1112
2 ,1 .0 2 0 .45.2 926 .794 1116
2 .2 .012 .426 928 .746 1118
2.3 .009 600
3.1 530
3.2 495
4 .1 475
4 .2 ' ■ 420
I—1 #*r\ 360
5.2
i
.
i
|
330
I
■-
~113~
T a b l e  l 6 . c o n t .  Experiment 9
Flame Therm­ Flame and Fu r n a c e . Gas T ernp.
Diam.
I n .
o p i l e
mv.
Flame
RZ
Therm­
o p i l e
mv.R2I
F u rn a c e
Temp.
T j0 C
Therm**
o p i l e
mv.
r 2 11
F u r n a c e  
T ernp.
Tn ° c
by S u c t io r .  
P y r o . ° 0
1 . 1 3>+ .0 2 7 .440 917 ,695 1072
1 , 2 1 .038 .444 917 .701 1072
1.3 1-1*+ .040 .454 918 .700 1068
2 .1 1-1-l 4- .042 . 4 6 2 920 .708 1068
2 , 2 11 .051 .442 920 .678 1066
2.3 .053 .461 920 .7 02 1065
3 .1 lA .050 .406 922 ,684 1067
3 .2 l l1+ .038 .460 922 . 68O 1068
4 .1 11L4. .026 .450 925 *68l 1068
4 .2 .018
| .446 924 . 684 1067
5 .1 .012 .441 924 .679 1070 1
5.2 • 009 j 680 
ii
Tab la 16. o o n t .  Experiment 10
'
Flame Therm-
o p i l e
mv.
FI am e
%
Flame and j ju rnace (las Temp, 
by S u c t i o n  
P y r o , °0
Diarn.
I n .
Therm­
o p i l e
mv.R^j
F u r n a c e
Temp.
TI °0
Therm­
o p i l e
mv.
R-2 11
F u r n a c e
Temp, 
m O p
■‘• I I  0
1 .1 1 .020 .460 930 • 932 1167
1 . 2 i * .035 .468 934 *921 1166
1.3 4 .044 . 4 7 9 ,933 . 9 3 4 1164
2.1 Ur .050 .480 934 .940 1164
2,2 i-J .047 .460 936 .890 1166
2.3 .048 .478 936 .942 1166
3 .1 '  l i .036 .480 938 .939 1163
3.2 l t .027 .468 939 .920 1160
4 .1 .018 .484 941 . 8 9 s 1160
4 .2 .012 ■ 705
5 .1 .010 660
5 .2
1
f
.008 ■ 585
....................
-1 1 5 -
T a b le  16 . c o n t . Experiment 11
' Flame D i  am, 
I n .
Therm­
o p i l e
mv.
Flame
%
Flame and F u rn a c e \ Grs,s Temp, 
by S u c t i o n  
P y r o . °C
Therm­
o p i l e
mv. Rgj
jji i rnace
Ternp.
Tt °C
Therm­
o p i l e
mv.
Rg I I
F u rn a c e
Temp.
I n  0
1 . 1 34*" .026 .417 892 1 ^ >{0 1053
1 .2 3M- .0 3 4 » 424 891 .669 1052
1.3 1 .0 3 4 .418 890
,
.673 1052
2 .1 1 .039 .417 889 . 6 8 4 1052
2 . 2 .0 3 0 .3 8 1 889 .618 1053
2 .3 .0 2 2 .397 888 . 66 2 1053
3 .1 570
3 .2 510
4 .1 440
4 .2 395
5 .1 355
5 .2
- .
330
- l l 6 -
Table 16. oont.  Experiment 12
I F l a m e
D i  a m .
. j I n .
i
!
T h e r m ­
o p i l e  
mv.  
jb l a m e
Ri
F l a m e  a n d  F u r n a c e G as  T e  m p . 
h y  S u c t i o n  
P y r o , ° 0
T h e r m ­
o p i l e
rav.H2I
p ' u r n a c e
iTemp.
ITj OO
T h e r m ­
o p i l e
ill v .
R.2 I I
F u r n a c e
T e m p .
TI I °0
1 ,1 3.M- .024
noVOK'S• 847 , 646 1033
1 . 2 i ± .038 .361 849 .628 1033
1 .3 i | . 0 3 4 .360 854 .568 1032
2 . 1 l i . 0 2 4 .346 860 .  026 1030
2 ,2 l i .018 680
2.3 i i .018
J
p'oO
3 .1 480
3 .2 435
4 .1 415
4 .2 375
5 .1 350
5 .2 330
~ H 7~
Table 16. cont .Experiment 13.
Flame Therm­ Flame and Furns .ce Gas Temn.D i  am. 
I n .
o p i l e  
mv. 
Flame
Ri
Therm­
o p i l e
mv.Rgj
F u rn a c e  
T ernp. 
TjOQ
Therm­
o p i l e  
mv.
R2 I I
F u r n a c e
Temp.
TI I  0
by S u c t i o n  
P y r o .  °G
1.1 1 .020 .516 972 .928 1166
1 .2 1 .030 .520 971 .9 2 4 1167
1.3 1 .033 .5 3 0 971 ♦,950 1168
2.1 1 .042 .528 971 .930 1170
2.2 1 .046 .500 968 .901 1172
2.3 1 .042 .526 96s .951 1170
3 . 1
1 3
-M- .040 .535 966 .952 1170
3.2 3i+ .032 • 534 964 .940 1172_
4.1 314- .028 .524 965 . 933- 1172
4 .2 .020 740
5.1 .016 6 9 5
5 .2 .012
.
650
T a b le  l 6 .  c o n t ,  Experiment 14.
j
F I  a m e  
D i  a  tii. 
I n .
TilTnerm- FI a me and F u r n 0 .C e
*
Cfas Temp, 
by S u e t i o r  
P y r o .  0
o p i l e
mv.
F l a m e
Ri
Therm­
o p i l e  
mv.R21
F u r n a c e
Temp.m.OjiAI
| Therm- 
1 o p i l e  
mv.
R2 I I
F u r n a c e  
Temp, .
i n  0
1 . 1
3
1+ .030 .462 934 .697 1064
1 . 2 .047 • 471 933 .698 1063
1 .3 1-2' .060 .476 932 .704 1060:.
2 .1 1* .059 .488 932 . 785 1 0 6 0
2 . 2 l i . 0 5 6 . 4 5 0 934 . 6 5 3 1 0 6 0
2.3 ] i2 . 0 5 8 .477 933 .700 1 0 5 8
3 . 1 i i . 0 4 4 ,472 934 ,691  , 1 0 5 7
3 . 2 i | .029 .472 934 .678 1 0 5 6
4 . 1 i i .022 . 4 6 0 934 , 6 b l 1 0 5 4
4 .2 .016 . 4 6 0 934 . 6 5 c 1 0 5 0
5 . 1 . o n 7 1 5
5 . 2 6 6 5
- l l  9~
T a b le  16 . c o n t .  E xper im en t  I S .
Flame
Diam.
In .
Therm­
o p i l e  
mv. 
Flame
Ri
Flame and F u rn a c e  ■: G-as Temp.
Therm- jFurnace  :Therm- j F u rn a ce ;  by g u c t i o r
o p i l e  {Temp. ; o p i l e  Temp. | P y r o .°0
mv.Rpr | T 0 jrnv, I t t ^ C
j JR2 I I
1.1
1 .2
1.3  
2 .1  
2 . 2
2.3
3.1
3.2 
4.1  
|4.2
b . i
15.2
.020
.028
.030
.025
.010
.454 i 924
.456
.458
.463
.424
921
920
918
918
1 .854
t{
i .844 
! .865 
I .860 
.780
1130
1132
1134
1134
1136
630
550
495
465
435
395
378
T a b l e  l 6 ,  c o n t .  T n y p o r i m e n t  l 6 .
Flame
Diam.
I n .
Therm­
o p i l e
mv.
Flame
r i
f rr* . . . . . . . . . r r t i . y -  f t . .
1
! Flame and F u rn a ce
|
C?as Temp, 
by S u c t i o p  
P y r o .
jTherm- 
j c p i l e  
(tnv.R-2i
j
_L ...J
F u r n a c e
Temp.
TI °0
jTherm- 
o p i l e  
mv. 
r 2 I I
i i i i rnace
Temp.m Ufj
T I I  0
1 ,1 31+ .021
1
I .348 844 .665 1066
1 . 2 1 ,041 ! .342 837 ,644 ' 1065
1.3 1 . °32 ! .3 1 7 . 832 .580 1 0 6 l
2.1 1 , 0 2 6 I . 314 829 . 608 1060
2 .2 .016 ! .296 825 • 595 1058
2.3 1 565
3 .1 547
|3 .2 .
'
' 505
:4 . l 460
4 .2 j 410
5.1 i
ii!
i
390
5 .2
■
I
I
i
!j
|
336
—121—
T a b le  16 . c o n t .-  Experiment 17
i!
jFlame
- J ! ___
Therm­ Flame and F u rn a c e ■i Gas Temp.iDiam.
I n .
o p i l e
mv.
Flame
%
Therm­
o p i l e
mv.Rgi
F u rn a c e  
T ernp . 
T i °0
Therm­
o p i l e  
mv; - 
r 2 I I
Furnace!  
Temp. I
T i l  0 |
!
by S u c t i o n  
Py r o . 0 0
1 . 1 31+ .020 .434 908 .756
.. ! 1093 1!
1 /2 1 .032 .437 906 .756 1094
1 .3 1 .0 3 4 .436 908 ■ .752 1094
2*1 1 .041 .441 912 .768 1093
2.2 1 .045 .431 915 .750 1092
2.3 1 .047 .450 914 .761 1090
3.1 1 *051 .452 915 .770. 1090
3.2 1 .046 .456 917 .768 1090
4.1 1 .030 .451 9X6 .750 1086
4.2 1 .023 .449 918 .754 1090
5.1
5.2
1 .014
.012
.442 |
1
j
j
920 , .740 1086
760
- 1 2 2 -
Table l b .  con t .  Experiment I S .
F l a m e T h e r m ­ F l a m e  a n d h O CD
..... ........... - ........................ ,
G-as T e m p .
D i  9,111. 
I n .
o p i l e
mv.
F l a m e
%
T h e r m - j F u r n a c e  
o p i l e  j T e m p .  
nv.R^-j- j  T i ° C
i
\
T h e r m ­
o p i l e  
mv.  
r2 II
F u r n a c e  
T e rn p . 
T n ° c .
b y  S u c t i o r  
P y r o »°C
1.1 3i+ .023 . 2 9 9 1 807 .611 1032
.
1 , 2 1 .032 .311 j 807 .600 1032
1.3I
1-1
± z .035 .295 !
i
810 .587 1029
k i i i .042 .317 ' 810 .590 1020 :
2.2 i* .047 .315 j 815 .553 1022
2.3 l i .052 .334 j 820. .586 1022
3.1 1-1-l 2 .055 .3 4 2 1
j
825 .592 1018
3.2 l lx 2 .040 .340} 826 .580 1014
M 1—±2 .030 .338 j 831 .578 1014
14.2
!
.018 .340 j 835 .568 1014
I5' 1
jb.2
1t1
.017 .336 j
i
1
1■ !
842 ..572 1016
i
670
~123~
Table l6  • con^» Experiment 19.
■ 1
F l a m e '! Therm- Flame and Furnace . Gas T ernp,
Diam. j o p i l e  
I n .  jmv,
i F la  me
!r ii
Therm­
o p i l e
mv.R2 i
F u rn a c e  
T ernp. 
Tj°C
Therm­
o p i l e  
mv.
R2 I I
F u r n a c e  
T ernp. . 
Ti D c
by S u c t i o n  
P y r o , ° C
1,1 j .020 . 4 3 4 906 .852 1132
1.2 I  j .028 .435 908 .852 1134
1.3 4 .0301 .436 908 .867 1136
2.1 £ j .038 .440 909 .8S7 1138
2 ,2 1 1 .047 .427 910 .820 1140
2.3 1 .022 .430 912 .874 1140
^ 1
!
! .011
1
.429 914 . .857 1138
3 .2 | .010! 545
j4 . l • ; .0091 ■ 485
k .2i
itjj 455
^ . i
If
i 410
^  2
\iI
1;
i
i
.390
)
- 1 2 4 -
Ta'b l e  16 c o n t . Sx'oerimerit 20
.
Flume 'Therm­ Flame and F u rn a c e
i
G-as Temp.
u x am» 
In . .
o p i l e
mv..
Flame
RI
i' h 0 r  m—
o p i l e
mv.Rgi
Furnace;
Temp.
n ° o  i
Therm­
o p i l e
mv.
R2 I I
F u r n a c e  
T e mp,
•Tix°0•
'
by S u c t io n  
P y r o . °0
1 .1 1
2
.018 .4 5 2 925 .670 • 1054
1 ; 2 34- .020 .456 924 .6 5 3 1052
1*3 3i+ .038 ,4 5 7 921■ .66  3 1052
2.1 34 .0 3 2 ,4 5 2 924 .645 1052
2,2 34- ,014 . 4 1 4 924 .597 1052
2.3 .008 .4 4 0 926 . .627 1052
3.1 .010 550
3#2 505
4.1 470
4.4 . 420
5.1
1
j 3?o |
5 .£
I
________
j
1 3 6 5  i 
1 !
Table 16. cont . Experiment 21
: 1 j
iFlame
SDiam.
j ln .
i
i
t
. j
Therm­ Flame and F u r n a c e Gas Temp. |
o p i l e
mv.
E l  ame
RI
Therm­
o p i l e
mv.R2I
F u r n 8.ce
Temp.
T j °0
Therm­
o p i l e
mv.
R2 I I
F u rn a c e
Temp.
T n ° 0
by Suct ion!  
P y ro , °Q
!
1 .1
*
3'n- .0 2 1 .488 949 .9 3 0 1164
i* 2 ; 1 .028 .492 948 .926 U d 2
1.3 4 . 0 3 8 ' .498 948 .921 1159 j
2 .1
; 4 .ci 42 .507 949 .906
U 5 8
!
!
2 .2r 4 .050 .4 8 2 950 .868 1157
2 v3 i l 050 .518 ■ 952 .936 1156
3.1 i # .046 .553 966 .934 1152
3.2 4 .036 .541 972 .904 1150
4.1 4 . 02S .534 974 .886 1148
■
■
4.2 4 .018 .528 976 .882 1146
.
3. i .012 795
CM•
,_iin . 008
j 715
Table 16. cont .  Experiment 22,
I
F1 am e Therm­ Flame and F u r n a c e iGas T emp.
Diam.
I n .
o p i l e
rnv * . 
Flame
h i
Therm­
o p i l e  
mv.R21
F u r n a c e  
Temp. 
Ti°G
Therm­
o p i l e  
m v .
R2 I I
F u r n a c e
Temp.
Tn  0
by S u c t io n  
P y r o .  0
1 .1 34- ,020 . 4 5 4 924 .718 1074
1 .2 .036 .4 5 7 922 .717 1074
1 .3 l i .046 .460 921 .727 1073
2 .1 i | .050 .4 7 2 922 .7 2 2 1070
2 .2 H- .051 .438 922 .676 1070
2 .3 i i .038 ,468 924 . 7 0 4 1066
3 .1 i i .028 .461 925 .704 1068
3 .2 i i .023 .453 925 .691 1066
4 .1 j .016 .452 926 .689 1068
4 .2 j .012 .448 780
5 . 1!
j
,009 705
5 .2 | .009  |
i jf ; 
1 :
650
Tab le  16. cont .  Experiment 23
i1 Flame Therm­ Flame and F u rn a c e Gas Temp, 
by S u c t i o n  
P v r o . °0
'!
:
i;i
I
t
D i  am. 
In.
o p i l e
mv.
FI ame 
Hi
Therm­
o p i l e  
mv. Eg t
F u rn a c e  
Temp. 
Tx°0
Therm­
o p i l e  
mv.Rg I I
F u rn a c e
Temp.
T n °0
'
t
l . l 34- .022 ..484 952 .759 1094
1.2 1 .034 .484 948 .763 1099
1.3 1 .037 .478 947 .768 1102
2.1 1 .030 .490 949 .778 1104
2,2 1 . 0X6 .446 951 .702 1104
2.3 .012 650
3.1 560
3.2 510
4.1 470
4 .2 375
5.1 • 355
5^.2 330 j
Table 16. con t .  iuxberiment 24■...w “ <
Flame 
D i  am. 
I n .  ■
Therm­
o p i l e
mv.
Flame
* i
Flame and F u rn ace Gas Temp, 
by S u c t i o n  
P y r o . °0
Therm­
o p i l e  
mv,
R2i
F u r n a c e
Temp.
Ti°C
Therm­
o p i l e
El'v .
R2 I I
F u r n a c e  
Temp. . 
T n ° C
1 . 1 3M- .022 .354 844 .888 1144
1 . 2 1 .044 . 3S5 844 .889 1144
1*3 1 .042 .358 844 .882 1140
2 .1 .020 .346 845 .8 5 7 1140
2 .2 ,011 645
2*3 590
3 .1 530
3 .2 505
4 .1 440
4 .2 390
5.1 345
5 .2 1
1
*.... ..- ..1 ... ...-....
1 315 l1
-1 2 9 “
Table 16. cont .  Experiment 25
j
(Flame Therm­ Flame and F u rn a c e Gas Temp,
. ..
Diam,
I n .
■
o p i l e
mv. 
Flame
Rl
Therm­
o p i l e
mv.
r 2I
...................— III J1 .11 ..........
F u rn a c e
Temp.
TI °C
Therm­
o p i l e  
mv.
R2 11-
Fu rn a ce  
Temp .
Tj j °0
by S u c t i o n  
P y r o . °0
1
1 .1 i .026 .4 4 6 920 .7 8 4 1108
1 .2 i * .040 .448 922 .789 1110
1.3 111 2 .050 .412 904 .786 1113
2 .1 1-1±2 .052 .4 1 6 904 .796 1116
2 ,2 .053 .409 901 .7 8 4 1120
K-\•
CVJ .040 .422 896 .815 1124
3.1 1—±2 .035 .404 896 .890 1132
3 .2 l £ .029 .398 894 .8 2 6  . 1132
4 .1 .020 .399 894 .8 3 0 1132
4 .2 .014 745
5 .1 S90
5 .2 620
Table l 6 .  cont .  Experiment 26
I
Flame 
Li i  am • l 
I n .  . |
■;i
T'iierm-
o p i l e
mv.
Flame
RI
Flame and F u rn a c e Gras Temp, 
by S u c t i o n  
P y r o . °0
Therm­
o p i l e
mv.
R2I
F u rn a ce  
Temp. 
T i ° ' C
Therm­
o p i l e
mv.
r 2 I I
F u rn a c e
Temp.
T n V
1 . 1 a  !M- • 036 .4 9 6 963 .635 1044
1 . 2 1—-l 2 .068 .485 963 , 606 1044
1 .3 1JL ±2 .084 .480 964 , 6 l6 1043
2 . 1 .030 .5 0 6 965 , 6 l0 1032
2 .2 .072 .464 ' 966 ,550 1026
2.3 .062 .490 965 ♦ 579 1024
3 .1 .050 .493 966 .5 6 9 4 0 1 6
3 .2 .037 .4 9 2 964 • 559 1011
4 .1 .0 1 7 740
4 .2 . 0 1 4 660
5 .1 630
5 .2 585
Ts.ble 16. cont.. .  Experimen t s ? .
Flame
1
Therm­ Flame and F u rn a c e Gas T emp. 
by S u c t i o r  
P y r o .°0
Diam.
I n .
o p i l e
mv.
Flame
Ri
1 ....
Therm­
o p i l e  
mv«
« 2 I
F u rn a c e  
T emp„ 
T i °0
Therm­
o p i l e
mv.
R-2 I I
F u r n a c e
Temp,
ti i ° c
l . x 3u- .026 .
.4 8 2 946 *754 1103
1 .2 H .0 3 9 .4 6 9 946 .7 5 0 1102
1 .3 H .0 3 7 .464 948 .745 1104
2 .1 H .022 750
2 .2 .018 605 ■
2.3 .015 570
V
-s
i
• (-1 .0 1 2 1 535
3 - 2 i 490
4 .1
I
1 460
4 .2 j1 425
5 .1
i
i
* 395
5 .2
\
360 j
Table l 6 .  co n t .  Experiment 26.
j i
! F l a m e T h e r m ­
o p i l e
mv.
F l a m e
h i
f l a m e a n d  F u r n a c e G a s  T e m p ,  
b y  S u c t i o n  
P y r o . ° C
D i  am i 
I n .
T h e r m ­
o p i l e  
m v .
R2I
F u r n a c e
T e m p ,
T i°0
T h e r m ­
o p i l e
mv.
R2 I I
F u r n a c e
T e m p ,
T l l ° C
1 . 1 3 .026 .436 912 • vo -~->
i
o~
\
1182
1 . 2 1-12 .040 .440 913 ,908 1182
1 .3 1-1x 2 .028 .430 914 .939 1178
2 .1 .014 695
2 . 2 .012 600
2.3 .012 565
3 .1 .009 520
C\J• 465
4 .1 435
4 .2 I 395
5.1 375
15.2
..... . I j
340
:
Table l 6 .  c o n t , Experiment 29.
i<
1
i
.
Flame
Diam.
I n .
Therm­
o p i l e
mv.
Flame
RI
Flame and Furns.ce Gras Temp, 
by S u c t io n  
P y r o , °0
Therm­
o p i l e
mv.
r 2I
jm rn a ce  
Temp. 
Ti°C
Therm­
o p i l e
mv.
R2_.II
F u rn a c e
Temp.
T I I °0
l i . i l i .035 .540 985 . 999 1191
1 . 2 i i .052 .533 985 .963 1191
1 .3 i * .058 .546 9 86 .984 1191
2 .1 i * .054 .536 986 .982 1190
2 . 2 n 2 .047 .496 987 .885 1188
2 .3 l l .041 .524 987 .957 1186 •
3 ,1
.
.030 945
3 ,2- • 022 860
4 .1 .018 765
4 .2 .0 1 4 700
5 .1 .012 655
5 .2 605
'
— i
Table l 6 .  cont .  Experiment 30.
! Flame STherm­ Flame and
>
F u r n a c e .
Diam . 
I n .
o p i l e
! mv. 
Flame
i— ........
Therm­
o p i l e  
mv. 
r 2 I  •
F u rn a c e  
Temp.rn__0pi i  0
Therm-"
o p i l e
mv.
R2 I I
F u rn a c e
Temp.
T I I °0
Gas Temp, 
by Suc . t io r  
P y r o . °C
1 , 1 1 — ±2 .033 .504 962 .8 9 4 1154
1 .2 li . 0 4 4 .493 960 .934 1176
1.3 ii .046 . 5 0 4 960 .933 1168
2 ,1 1—2 .036 . 5 0 4 958 .950 1172
2 .2 111 2 .030 .4 6 4 958 .8 7 4 1172
2*3 . 0 2 4  ■ 930 ‘
3 .1 .018 * 845
3-2 .0 1 4 775
4 .1 .012 700 -
4 , 2 .009 660
5 .1 So 5
5 ,2 ■ 540
- 1 3 5 -
T a b le  l 6 .  o o n t .  E xperim en t 7 1
I , !
' ' i * 
F l a m e !  T h e r m -  j F l a m e  a n d  F u r n a c e  . G a s  T e m p ,  
b y  S u c t i o n  
P y r o . °0
D i a m .
I n .
o p i l e
mv.
F I  a  me
h i  •
T h e r m ­
o p i l e
111V .
R21
F u r n a c e
T e m p .
T ! ° 0
T h e r m ­
o p i l e  
m v .
R2 I I
F u r n a c e  
T e m p ,
T H O C
1 . 1 4 .036 .4 7 0 937 .786 1107
1 . 2 1 .042 . 4 5 5 936 .762 1105
1.3 1 •031 .450 936 .750 1104
2 .1 . 0 2 5 595
2 ,2 • 024 555
2.3 . 0 1 5 520
3 .1 495
3 .2 460
4 .1 420
4 .2 i
i
375
5 .1
j
i
1 325CM•m 
..
j
j
ii
1
i
|
300
■
T a b le  l 6 .  c o n t .  E xperim en t, 32 .
Flame
j l - — x - y
5
1Therm- Flame and F u r n a c e Gas Temp, 
by S u c t i o n  
P y r o .°0
Diam.
I n ,
i o p i l e  
m v,
|F lam e  
HI
Therm­
o p i l e
mv,
R21
F u rn a c e
Temp,
T ^ O
Therm­
o p i l e
mv,
R2 I I
F u r n a c e
Temp.
T I I °0
1 .1 3M- .0 27 .456 922 .877 1138
1 .2 1-12 .0 32 .4 5 0 920 • 0
0 o\ I I 3 7
1 .3 1—±2 .018
CO
• 920 .846 1136 -
2 .1 .0 1 2 595
2 .2 ■ .010 550
2.3 .012 520
3.1 .008 485
3 .2 450
4 .1 420
4 .2 373
5 .1 347
5 .2
ii Mll . ......
330
j
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9 * H e s u i t s  o f  Main Se t  o f  E x p e r i m e n t s .
The c a l o r i m e t r y  r e s u l t s  f o r  t h e  main  s e t  o f  
e x p e r i m e n t s  a r e  g iv e n  i n  T a b le  14 ; c o r r e c t e d  gas  
r a t e s ,  a i r  h u m i d i t y  d a t a ,  f l a m e  l e n g t h s ,  and f l u e  
g a s  a n a l y s e s  a r e  i n  T ab le  15 , and t h e  r a d i o m e t r y  
f i g u r e s  t o g e t h e r  w i t h  gas  t e m p e r a t u r e s  m easu red  by 
s u c t i o n  p y r o m e te r  a r e  i n  T a b le  l b ,
9 *1 # T o t a l  Heat  T r a n s f e r ,
T o t a l  h e a t  t r a n s f e r  r e s u l t s  have  been  a n a l y s e d  
i n  te rm s  o f  t h e  e f f i c i e n c y  o f  u s e  o f  f u e l  ( a s  a. 
p e r c e n t a g e  o f  h e a t  i n p u t ) ,  t h e  e f f i c i e n c y  o f  u s e  o f  
t h e  a p p a r a t u s  ( a s  h e a t  f l u x  i n  B t u / f t  , h r )  and as 
t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  which  a l s o  t a k e s  i n t o  
a c c o u n t  t h e  d r i v i n g  t e m p e r a t u r e  d i f f e r e n c e .  The 
f i g u r e s  were  examined f o r  t h e  whole  t u b e  and by 
c a l o r i m e t e r ,
9 *1 *1 . Thermal  E f f i c i e n c y . The i n f l u e n c e  o f  t h e  
v a r i a b l e s  on t h e  h e a t  o u t p u t  t o  t h e  w a t e r  as  a 
p e r c e n t a g e  o f  t h e  h e a t  i n p u t  i s  shown f o r  t h e  t u b e  
as  a whole  i n  F i g , 15 . L ik e  a l l  t h e  f o l l o w i n g  g r a p h s  
t h o s e  o f  F i g ,  15 were  c o n s t r u c t e d  by t a k i n g  a v e r a g e  
v a l u e s  r e p r e s e n t i n g  t h e  b e s t  e s t i m a t e s  o f  t h e  e f f e c t  
o f  each  f a c t o r  named.
None of  t h e  f a c t o r s  had  a l a r g e  e f f e c t  on t h e
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D I S T A N C E  F R O M  JETT INCHES
F IG .  IG.
HEAT OUTPUT AS A PERCENTAGE OF TOTAL 
HEAT INPUT V. DISTANCE FROM JET. SHOWING 
E F F E C T S  OF M O M EN TUM  AND LIMITING 
VALUES OF SOUND P R E S S U R E
- 1 3 8 -
t o t a l  h e a t  o u t p u t  -  u s u a l l y  known as t h e  t h e r m a l  
e f f i c i e n c y  — but  t h e  s o n i c  v i b r a t i o n s ,  r a i s i n g  
mean e f f i c i e n c y  f rom 49.1  t o  52.7  P©r  c e n t ,  t h e  
g as  r a t e ,  and,  m a r g i n a l l y ,  t h e  momentum, were  a l l  
s i g n i f i c a n t .
The f o l l o w i n g  e q u a t i o n  may be u s e d  t o  e s t i m a t e
t h e r m a l  e f f i c i e n c y  w i t h i n  t h e  r a n g e  o f  v a l u e s  u s e d :
O v e r a l l  Therm al  4- 2 6 .
E f f i c i e n c y  £  =45.17  •+ 0.000343  !> + 0 . 1364^ 4 . 35 . . .
I n  t h i s  and a l l  t h e  s u c c e e d i n g  r e g r e s s i o n  
e q u a t i o n s  t h e  f o l l o w i n g  symbols  a r e  u s e d ;
P pa Sound- p r e s s u r e  i n  d ynes /cm ^ ,
Gr e  Gas Volume Flow R a te  i n  f t ^ / h r .
M ts Momentum F lu x  i n  F . P . S ,  u n i t s  p e r  second ,
F s  F r e q u e n c y - i n  c y c l e s  p e r  se c o n d .
.Sound p r e s s u r e ,  momentum, g as  r a t e  and f r e q u e n c y  
u s u a l l y  had s i g n i f i c a n t  o r  g r e a t e r  e f f e c t s  i n  each  
o f  t h e  l o w e r  c a l o r i m e t e r s .  The g r e a t e s t  e f f e c t  o f  
sound  p r e s s u r e  was i n  t h e  l o w e s t  c a l o r i m e t e r  where  
a  moan f i g u r e  o f  0 . 64$  was r a i s e d  t o  2 . 44$ a t  
maximum sound p r e s s u r e  a t  600 c . p . s .
C o n s id e r e d  o v e r  t h e  t u b e  a s  a whole  ( s e e  F i g . l o )  
t h e  v i b r a t i o n s  g r e a t l y  i n c r e a s e d  t h e  t h e r m a l  e f f i c i e n c y  
o f  t h e  lo w erm os t  l o H, and t h e r e  was a c o r r e s p o n d i n g  
d e c r e a s e  i n  t h e  r e g i o n  above a b ou t  20";  by t h e  t o p
/ o l
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o f  t h e  t u b e  t h e  e f f e c t  w a s  a l m o s t  s p e n t .  B e t w e e n  
l 6 n a n d  2 0 n w a s  e v i d e n t l y  a  t r a n s i t i o n  r e g i o n ,
S in c e  t h e  d i s t a n c e  o f  17” from t h e  j e t  p ro v e d  
to  be t h e  l i m i t  o f  t h e  most s t r i k i n g  and v e ry  
s i g n i f i c a n t  e f f e c t s  of  v i b r a t i o n s  f o j  t h i s  and 
o t h e r  p r o p e r t i e s ,  t h e  bo t tom  l 6 ,! o f  t u b e ,  t h a t  
i s  l u-  17" f rom  t h e  j e t ^ w a s  s e p a r a t e l y  examined 
as  a u n i t .  Maximum sound p r e s s u r e  r a i s e d  i t s  
e f f i c i e n c y  f rom  8 . 3  t o  15.9  P ^ r  c e n t .  T h i s  change 
and t h o s e  due to  momentum, g as  r a t e  and f r e q u e n c y  
were  a l l  a t  l e a s t  v e ry  s i g n i f i c a n t  and t h e r e  was 
a  s i g n i f i c a n t  i n t e r a c t i o n  due t o  f r e q u e n c y  and 
sound p r e s s u r e .  The h i g h e s t  sound p r e s s u r e  a t  
600 c . p . s ,  gave  an e f f i c i e n c y  o f  1 9 .5  p e r  c e n t ,  ■
T h e  f o l l o w i n g ;  e q u a t i o n  w a s  f o u n d  t o  f i t  t h e  
e f f i c i e n c y  o f  t h i s  p a r t  o f  t h e  t u b c : -
Thormal E f f i c i e n c y ,  Bot tom l 6M o f  t u b e ,  p e r  
c o n t  h e a t  i n p u t :  a t  1700 c . p . s .
= 6 ,8 2 9  x 0 .0 0 1 3 1 6  P -  0 .1 5 8 1  0 -v 3 8 6 .8  M 
-  0 .0 0 0  000 0 7 4  62 p 2 i  3 .3 6 ....... .................... ..
a t  600 c . p . s ,
' «  7 .0 3 6  4 0.000910  P -  0.0647  G-
27b
4 274.5  M -  4 .9 4   .......... ................... ........
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A verage  v a l u e s  o f  t h e  h e a t  o u t p u t  as  a p e r c e n t a g e  
o f  t h e  h e a t  i n p u t  a t  each  c a l o r i m e t e r  f o r  a l l  o f  t h e  
v a r i a b l e s  a r e  g i v e n  i n  T ab le  17 * T o t a l  h e a t  a c c o u n te d  
f o r ,  a v e r a g e d  98 , 4$  o f  t h e  i n p u t .
9 *1 *2 . Heat  T r a n s f e r  R a t e .
Some o f  t h e  c o r r e s p o n d i n g  changes  i n  h e a t
t r a n s f e r  r a t e  i n  B t u / f t  h r .  a r e  shown i n  F i g u r e s
17 and 18 .  A ll  t h  0 me., i n  f a c t o r s  p r o v e d  t o  be  a t
l e a s t  s i g n i f i c a n t  f o r  t h e  whole  t u b e  b u t  t h e  p i c t u r e
was d o m in a te d  by t h e  .gas r a t e  which more t h a n  d o u b le d
t h e  r a t e  from 199$ t o  4219 B t u / f t ^ h r .  I n  a d d i t i o n ,
a l l  t h e  main f a c t o r s  were h i g h l y  s i g n i f i c a n t  f o r  t h e
l o w e r  l 6 n o f  t u b e  and s i g n i f i c a n t  i n t e r a c t i o n s  were
found  be tw een  . f r e q u e n c y  and sound p r e s s u r e ,  gas  r a t e
and f r e q u e n c y ,  and g a s  r a t e  and sound p r e s s u r e *  For
exam ple ,  a mean h e a t  t r a n s f e r  r a t e  o f  1794  B t u / f t ^ h r ,
2
was r a i s e d  to  4,500  B t u / f t  h r .  a t  maximum sound  
p r e s s u r e  a t  600 c . p . s .
F o r  th e  b o t to m  c a l o r i m e t e r  a r a t e  o f  535 B t u / f t ^ H r .  
became 1584 B t u / f t  h r .  -  a lm o s t  t r e b l e  -  a t  maximum 
sound p r e s s u r e .
'"Average v a l u e s  o f  t h e  h e a t  t r a n s f e r  r a t e  a t  e ach  
c a l o r i m e t e r  f o r  a l l  t h e  v a r i a b l e s  a r e  g i v e n  i n  T a b le  18 
and t h e  r e s u l t s  o f  s i g n i f i c a n c e  t e s t s  i n  T a b le  19 .
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E f f ic ie n c y  f i g u r e s  f o r  each gas r a t e  have a 
s imple r e l a t i o n s h i p  with h e a t  t r a n s f e r  r a t e s ,  bat  
a g e n e ra l  equ a t io n  fo r  the  l a t t e r  f o r  th e  bottom 
16" of  tube i s  as fo l low s;
O vera l l  Heat T ran s fe r  R a te ,  Bottom l b n o f  tu b e ,  
B t u / f t 2h r .
a t  1700 c . p . s . b  -1027 + O.2765 P + 4 9 .57  0 + 83,600 M
- 0.000015 51 P 2 -  782. . . ..................... 28a
a t  600 c . p . s . = -1977 + 0 .2242 P + 94 .49  G
4 71,740 M ± 1730 ...........    28b
9. 1 , 3 » Heat T ra n s fe r  Q o e f f i c ie n t ;  ' Local hea t  
t r a n s f e r  c o e f f i c i e n t  in  B t u / f t ^ h r . ° F  were a lso  
c a l c u l a t e d  p a r t i c u l a r l y  in  o rd e r  to examine whether 
th e  d ec re a se  in  h e a t  t r a n s f e r  r a t e  caused by sound 
p r e s s u r e  in  th e  upper p a r t s  of tube  was mainly due 
to t h e  d ec re a se  in  tem p era tu re  d i s c u s se d  below*
The e f f e c t  011 the  h e a t  t r a n s f e r  c o e f f i c i e n t  i s  
shown in  F igure  .1 9 * upper  p a r t  o f  the  tube
sound p r e s s u r e  e v id e n t ly  has ho e f f e c t  so t h a t  th e  
f a l l  i n  hea t  t r a n s f e r  r a t e  was roughly p r o p o r t i o n a l  
to  th a t  in  f lame tem pera tu re  d.iscussed below*
In  the  bottom c a lo r im e te r  an average i n i t i a l  
c o e f f i c i e n t  of 0*29 B t u / f t  h r . ° F  was r a i s e d  by a
Q  Q
f a c t o r  of 3*3 0 *96 B t u / f t  h r .  F a t  maximum sound
p r e s s u r e ;  fo r  th e  experiments  a t  600 c . p . s .  a t  maximum 
sound p r e s s u r e  th e  average was 1 .57  B t u / f t 2h r . °F.
E f f e c t s  of the  v a r i a b l e s  a r e  shown in  Table 20 .
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DISTANCE FROM J E T  INCHES
FIG . 2 .0 .  
RADIATION HEAT OUTPUT A S  A  PERCENTAGE 
OF T O T A L  H E A T  INPUT SHOWING E F F E C T  
O F  L IM IT IN G  VALUES OF SOUND P R E SSU R E
9 . 2 , H ea t  T r a n s f e r  by R a d i a i t i o n ,
9 , 2 . 1. R a d ia t  io n  Ef f  i  c i e n c v .
FigureSQ shows t h e  i n f l u e n c e  of  t h e  v a r i a b l e s  on 
r a d i a t i o n  e f f i c i e n c y ,  d e f i n e d  as  th e  h e a t  t r a n s f e r  by 
r a d i a t i o n  as a  p e r c e n t a g e  o f  t h e  t o t a l  h e a t  i n p u t .
The r a d i a t t - a n :  t o  each  c a l o r i m e t e r  i s  shown i n  
Fig,. 20. and t h e  r e s u l t s  o f  s i g n i f i c a n c e  t e s t s  on t h e  
e f f e c t s  o f  t h e  v a r i a b l e s  i n  T a b l e  21 . I t  can be  s e e n  
t h a t  h e a t  t r a n s f e r  by r a d i a t i o n  was s i g n i f i c a n t l y  i n c r e a s e d  
by v i b r a t i o n  o n ly  i n  t h e  l o w e r  12" o f  h e a t i n g  t u b e ,  
b u t  t h e  c u m u l a t i v e  e f f e c t  was h i g h l y  s i g n i f i c a n t  i n  
t h e  lo w e r  16" ,  where  r a d i a t i o n . . ' 1 e f f i c i e n c y  was r a i s e d  
f rom  5 .0  t o  8 .0  p e r  cent. .  T h is  was m ain ly  due  to  t h e  
b i g  i n c r e a s e  -  by a  f a c t o r  o f  2 ,5  -  i n  t h e  l o w e s t  8 " .
For  a l l  c a l o r i m e t e r s  o t h e r  t h a n  t h e  b o t to m  t h r e e ,  
t h e  d o m in a t in g  f a c t o r  was t h e  gas  r a t e , '  T h i s  must h av e  
been  c o n n e c t e d - w i t h  i t s  l a r g e  e f f e c t s  on f l a m e  d i a m e t e r ,  
t e m p e r a t u r e  and e m i s s i v i t y  b u t  a m ajo r  f a c t o r  must h ave  
b e en  t h e  l a r g e  i n f l u e n c e  on t h e  l e n g t h  o f  f l a m e .
Averaged  o v e r  a l l  e x p e r i m e n t s  gas  r a t e s  o f  20 f t ^ / h r ,  
and 40 f t ^ h r ,  gave  f lam e  l e n g t h s  o f  1 8 .8 "  and 4 7 . 8 ” 
r e s p e c t i v e l y .  Thus i n  t h e  f o rm e r  c a se  most o f  t h e  
r a d i a t i o n  was due  to  t h e  weak s o u r c e  of  g a s  r a d i a t i o n  
w h i l e  i n  t h e  l a t t e r  t h e r e  was a  g r e a t e r  p r o p o r t i o n -  o f  
t h e  much s t r o n g e r  lu m in o us  c a rb o n  p a r t i c l e  r a d i a t i o n , .
-147-
C o r r e s p o n d i n g l y , gas  r a t e  d o m in a te d  a t  t h e  h igh ly ,  
s i g n i f i c a n t  l e v e l  t h e  o v e r a l l  r a d i a t i o n  e f f i c i e n c y ,  
w h e th e r  c o n s i d e r e d  as  a p e r c e n t a g e  o f  t h e  h e a t  
i n p u t  o r  o f  t h e  h e a t  o u t p u t .  R a i s i n g  t h e  g as  r a t e  
from 20 f t ^ / h r .  t o  40 f t ^ / h r .  i n c r e a s e d  t h e  r a d i a t i o n  '
e f f i c i e n c y  from 1 2 . 0  p e r  c e n t  o f  h e a t  i n p u t  to  2 2 ,1  ■
p e r  c e n t ,  and from 2 4 .1  p e r  c e n t  o f  h e a t  o u t p u t  t o  
4 2 . 0  p e r  c e n t .
The e q u a t i o n s  f o r  e s t i m a t i n g  r a d i a t i o n  e f f i c i e n c y  
a r e  a s  f o l l o w s
O v e r a l l  R a d i a t i o n  E f f i c i e n c y  ' S3 *
p e r  c e n t  o f ^ h e a t  i n p u t  »  1,934  + 0*5051 Gr -  10 . 0 . .
R a d i a t i o n  E f f i c i e n c y ,  f o r  t h e  bo t to m  l b u o f  t u b e ,  
p e r  c e n t  o f  h e a t  i n p u t ;
a t  1700 c . p . s . -  3.458  * 0.0009797  P -  O.O5036 0 + 1 8 3 . 9  Ivi
- 0 . 0 0 0  000 065 10 P2 -  3 . 1 2 ................. ....................‘.20a
a t  bOO c . p . s  = 4 .310  0,001  046 P -  O.OO367 0 •+ 6 8 .7 8  M
- 0 . 0 0 0  000 057 69 P2 4  3 .0 8 ................. .................... JOb.
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In  t h e  b o t to m  c a l o r i m e t e r  i t  was fo un d  i n  19 
o f  t h e  e x p e r i m e n t s  t h a t  t h e  h e a t  t r a n s f e r r e d  by 
r a d i a t i o n  e x ceed ed  t h e  h e a t  r e c e i v e d  by t h e  c a l o r i m e t e r .  
T h is  s u r p r i s i n g  r e s u l t  was p re s u m a b ly  due  t o  t h e  
c o o l i n g  e f f e c t  o f  t h e  e n t r a i n e d  a i r .
The h e a t  t r a n s f e r r e d  by r a d i a t i o n  a v e r a g e d  
33*0 p e r  c e n t  o f  t h e  o u t p u t .  As m en t io n e d  abo.ye i t  
was h i g h l y  s i g n i f i c a n t l y  i n f l u e n c e d  by t h e  gas  r a t e  -  b u t
n o t  s i g n i f i c a n t l y  by any' o t h e r  f a c t o r .
.9 , 2 , 2 , R a d i a t i o n  Heat  T r a n s f e r  R a t e : T h e re  i s  a s i m p le
r e l a t i o n s h i p  a t  e ach  gas r a t e  be tw een  r a d i a t i o n
e f f i c i e n c y  and h e a t  t r a n s f e r  r a t e  a t  t h e  c a l o r i m e t e r
w a l l ,  bu t  g e n e r a l  e x p r e s s i o n s  f o r  t h e  bo t to m  16" ,
w here  a l l  t h e  f a c t o r s  p r o v e d  to  be  a t  l e a s t  s i g n i f i c a n t ,
were  as  f o l l o w s
R a d i a t i o n  H e a t  T r a n s f e r  R a t e ,  Bottom l 6 !t 
o f  t u b e ,  B t u / f t ^ . h r .
a t  1700 c . p . s .  r  - 832.01  ■+ O.1833 P . 4. 39 .91  G *  48,230  M
-0 .0 0 0  Oil  63 P2 ± 346 .................... ..
a t  600 c . p . s .  = - 1023 .,} + 0.2330  P + b l . 2 3  G + 22,780  M
- 0.000  012 10 P 2 -  98O ............... ...........
The e f f e c t s  o f  t h e  v a r i a b l e s  on t h e  r a d i a t i o n  h e a t  
t r a n s f e r  r a t e  f o r  t h e  bo t tom  l 6 y o f  t u b e  i s  shown i n  
F i g u r e  l 8 .  Maximum sound p r e s s u r e  i n c r e a s e d  t h e  mean 
r a t e  f o r  t h i s  p a r t  o f  t h e  t u b e  from H 3 0  B t u / f t ^ h r . t o
M O O
 Z.ETRO S O U N D
  AV. O F  A L L  4- S O U N D  P R E S S U R E S
 i i O O  D V N E S / C M *  SOU ND  P R E S S U R E
Z .  E n d  o f  f l a m ei o o o
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8 0 0
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6 0 0
5 0 0
51 61M 31
D I S T A N C E  F R O M  JET .  I N C H E S
FIG  3J
t e m p e r a t u r e : v . d i s t a n c e  f r o m  j e t
S H O W I N G  E F F E C T  O F  L IM IT I N G  VALUES O F  S O U N D  
PRESSURE
-1 5 0 -
t o  1850 B t u / f t 2h r ,  b u t  gas  f l o w  had a  b i g g e r  e f f e c t ,  
r a i s i n g  i t  from an a v e r a g e  o f  l l 8 o  B t u / f t ^ h r ,  to  
2180 B t u / f t § h r ,  T h i s  was due m a in ly  t o  t h e  l a r g e r  
d i a m e t e r  o f  t h e  f l a m e s  b u r n i n g  40 f t - ^ / h r .  o f  gas
»
which  gave  them a g e n e r a l l y  h i g h e r  e m i s s i v i t y  s,nd a 
lae rger  r a d i a t i n g  s u r f a c e .  Only i n  t h e  b o t to m  two 
c a l o r i m e t e r s  d i d  t h e  v i b r a t i o n s  r a i s e  t h e  r a d i a t i o n  
h e a t  t r a n s f e r  r a t e  t o  t w i c e  t h a t  f o r  t h e  u n d i s t u r b e d  
-i 1 am e .
9 . 2 , 3 . T e m p e ra tu re  and E m i s s i v i t y ; T hese  f i g u r e s  
were  t h e  most d i f f i c u l t  t o  o b t a i n ,  and a r e  p r o b a b l y  
t h e  l e a s t  r e l i a b l e ,  F u r t h e r m o r e ,  i n  24 o u t  o f  a 
t o t a l  o f  788 p o s s i b l e  r e a d i n g s  no f i g u r e  c o u ld  be 
d e r i v e d  from t h e  r e a d i n g s .  N e v e r t h e l e s s ,  c e r t a i n  
p a t t e r n s  were e v i d e n t  as  can be  s e e n  i n  F i g u r e s  21 
and 22 which show t h e  e f f e c t s  o f  l i m i t i n g  v a l u e s  o f  
sound  p r e s s u r e ,  and t h a t  o f  8000  d yn e s /cm ^  sound 
p r e s s u r e  011 t h e  e m i s s i v i t y .
The o v e r a l l  mean t e m p e r a t u r e  a p p e a r e d  to  f a l l  ' 
s l i g h t l y  between' 3" and 7 " f ro m  t h e  j e t  b e f o r e  r e s u m in g  
t h e  e x p e c t e d  p a t t e r n  and show ing  a maximum o f  104b°G 
a t  11" f rom t h e  j e t .  In  t h e  l o w e s t  12n o f  t u b e ,  a sound  
p r e s s u r e  o f  4000 d ynes /cm ^  a p p e a r e d  t o  r a i s e  t h e  
t e m p e r a t u r e  hy a b o u t  100°0 w h i l e  t h e  h i g h e r  sound 
p r e s s u r e s  t e n d e d  to  lo w er  i t .  Above 12" a l l  v i b r a t i o n s
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a p p e a r e d  to  lo w e r  t h e  t e m p e r a t u r e ,  land i n  a d d i t i o n  
gas  r a t e  became a m a jo r  f a c t o r  c a u s i n g  a b i g  i n c r e a s e  
i n  t e m p e r a t u r e .  These, e f f e c t s  must be c o n n e c t e d  w i t h  
t h e  f l a m e  l e n g t h  and d i a m e t e r  phenoma d i s c u s s e d  ab ove .
I n  g e n e r a l  t h e r e  was a k i n k  i n  th e  c u rv e  roughly ,  
c o r r e s p o n d i n g  to  the  end o f  t h e  f l a m e .  The c o n t i n u a t i o n  
o f  t h e  l i n e  f o r  t h e  mean b r i g h t n e s s  t e m p e r a t u r e  t e n d e d  
t o  f a l l  below t h a t  f o r  t h e  t r a n s l a t i o n a l  t e m p e r a t u r e  
m ea su re d  by s u c t i o n  p y r o m e t e r .  The f o rm e r  was o f  c o u r s e  
v iew ed  a c r o s s  t h e  whole  c r o s s - s e c t i o n .o f  t h e  f lam e  w h i l e  
t h e  l a t t e r  was an a v e r a g e  f o r  t h e  h o t  c o re  o f  t h e  g a s e s .  
T h is  may a c c o u n t  f o r  t h e  d i f f e r e n c e .
E m i s s i v i t y  a l s o  r o s e  t o  a maximum a t  11” f rom  t h e  
j e t  where  t h e  a v e r a g e  v a l u e  was 0 .077* I n  g e n e r a l ,  
e m i s s i v i t y  v a l u e s  t e n d e d  to c o r r e s p o n d  w i t h  v i s i b l e  
e f f e c t s  on b r i g h t n e s s .  For  exam ple ,  e m i s s i v i t y  was much 
l a r g e r  f o r  h i g h  gas  r a t e  t h a n  low ,  e x c e p t  i n  t h e  b o t to m  
12n o f  t u b e .  In  t h e  bo t to m  18" o f  t u b e  i t  i n c r e a s e d  w i t h  
sound  p r e s s u r e  and i t  was g e n e r a l l y  much h i g h e r  a t  600 • 
c . p . s .  e x c e p t  i n  t h e  to p  24" o f  t u b e .  The a v e r a g e  peak  
v a l u e s  were- 0 .0 5 2  f o r  t h e  1700 c . p * s .  e x p e r i m e n t s  and 
0.101  f o r  t h e  600 c . p . s .  I n  some i n d i v i d u a l  e x p e r i m e n t s  
a t  8000 d y n e s /c m 2 and 600 c . p . s . ,  v a l u e s  o f  0 . 2  were  
e x ce ed e d . -  G e n e r a l l y ,  t h e  h i g h e s t  v a l u e s  were  o b t a i n e d  a t
p
8000 dy n es /cm  .
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9 . 3 * Flame L e n g t h ;-
Flame l e n g t h  was m easu red  by ey e ,  t h e  f l a m e  b e i n g  
v iew ed  t h r o u g h  t h e  s i g h t  h o l e s .  The v e r y  s t r i k i n g  
e f f e c t s  shown upon  f lam e  l e n g t h  -  d e s p i t e  t h e  c ru d e  and 
u n c e r t a i n  method o f  m e a s u r in g  i t  -  h e l p  t o  i n t e r p r e t  
many o f  t h e  p r e c e d i n g  r e s u l t s .  They a r e  i l l u s t r a t e d  
i n  F i g u r e  23-. A H  t h e  main f a c t o r s  had h i g h l y  s i g n i f i c a n t  
e f f e c t s ,  and t h e r e  'was a s i g n i f i c a n t  i n t e r a c t i o n  be tw een  
f r e q u e n c y  and sound  p r e s s u r e .  An a v e r a g e  l e n g t h  o f  40” 
f o r  t h e  u n d i s t u r b e d  f lam e  was r e d u c e d  t o  an a v e r a g e  o f
0
28" a t  12,000  d y n e s /cm  r e p r e s e n t i n g  f l a m e s  a v e r a g i n g  
35" l o n g  when u s i n g  1/00  c . p . s ,  and 21n l o n g  u s i n g  600 
c * p . s .  The l o n g e s t  f l a m e s  j u s t  f i l l e d  t h e  l e n g t h  o f  t h e  
t u b e ;  t h e  s h o r t e s t  were  11” l o n g .  These  l e n g t h s  were  
found  to  be r e l a t e d  t o  e x c e s s  a i r  as  shown b e l o w . ,
. The e q u a t i o n s  f o r  e s t i m a t i n g  f l am e  l e n g t h  a r e  as  
f o l l o w s :
Flame l e n g t h  ( inches) .,  
a t  1700 c . p . s .  =2 7 *0^5 - 0 . 0 0 0  4875 P a  1.550  0
- 9 4 7 . 4  m ± 8.68   ^
a t  600  C . P # S* £3 8 ,6 1 9  - 0.001  632 b P Hh 1 ,3 5 6  Gr
226- 6 9 7 . 5  M i  I I . 7 6  . . . _______
9*4 E xcess  A i r  p e r  Pen t  o f  T h e o r e t i c a l  A i r :
E x p e r i m e n t a l  v a l u e s  o f  GOg ra n g e d  f rom  2.6  p e r  c e n t  
t o  7 . 0 . The e x c e s s  a i r  v a l u e s  c a l c u l a t e d  f rom  them
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were fou nd  t o  be  i n f l u e n c e d  by g a s  r a t e  a t  a v e ry  h i g h  
l e v e l  o f  s i g n i f i c a n c e .  -No o t h e r  f a c t o r  had any 
a p p r e c i a b l e  i n f l u e n c e  on e x c e s s  a i r .  The e f f e c t s  o f  
t h e  v a r i a b l e s  a r e  shown i n  F i g u r e  24 . At. t h e  h i g h e r  
gas  r a t e ,  e x c e s s  a i r  a v e r a g e d  73 P e r  c e n t  and a t  t h e  
lo w e r  271 p e r  c e n t .  I n d i v i d u a l  v a l u e s  may be  e s t i m a t e d  
by t h e  e q u a t i o n :
E xce ss  A i r ,  p e r  c e n t  -  4 6 8 ,3  -  9.88  G i  30.8  ' 31 .
The i n d i v i d u a l  f i g u r e s  f o r  f l a m e  l e n g t h  s t r o n g l y  
c o r r e l a t e  n e g a t i v e l y  w i t h - t h o s e  f o r  e x c e s s  a i r ,  t h e  
c o r r e l a t i o n  c o e f f i c i e n t  b e i n g  -  0 . 8 6 6 .
9 *5 . H ea t  T r a n s f e r  by Convec t i o n : Heat  t r a n s f e r r e d  by 
c o n v e c t i o n  was t a k e n  as  t h e  d i f f e r e n c e  be tw een  t h e  
t o t a l  and r a d i a t i o n  f i g u r e s .  An i n c r e a s e  i n  t h e  h e a t  
t r a n s f e r  r a t e  by c o n v e c t i o n  due  t o  t h e  ” s c o u r i n g ” 
e f f e c t  a t  t h e  t u b e  w a l l  which might  be e x p e c t e d  as  a 
r e s u l t  o f  v i b r a t i n g  t h e  gas  s t r e a m  was s t r o n g l y  
e v i d e n t  o n ly  i n  t h e  lo w e r  p a r t  o f  t h e  t u b e .  For t h e  
t u b e  a s  a  whole  t h e r e  was l i t t l e  i n f l u e n c e .  The e f f e c t s  
o f  a l l  t h e  v a r i a b l e s  on t h e  c o n v e c t i o n  h e a t  t r a n s f e r  
r a t e  i n  t h e  l o w e r  16” o f  t u b e  a r e  shown i n  F i g u r e . 18 ,
- S in c e  t h e  c o n v e c t i o n  f i g u r e s  were c a l c u l a t e d  by 
d i f f e r e n c e  t h e y  w i l l ,  o f  c o u r s e ,  show t h e  combined e r r o r  
o f  t h e  c a l o r i m e t r y  and r a d i o m e t r y ,  For c a l c u l a t i n g  t h e  
c o n v e c t i o n  c o e f f i c i e n t  f o r  t h e  whole  t u b e  t h e  e f f e c t i v e
- 154-
t e m p e r a t u r e  d i f f e r e n c e  was t a k e n  as  t h a t  be tw een  t h e  
mean g a s  t e m p e r a t u r e s  and t h e  mean w a l l  t e m p e r a t u r e  
m easu red  by t h e  sunken  t h e r m o c o u p l e s .
These  c o e f f i c i e n t s  p r o v e d  to  be v e ry  s i g n i f i c a n t l y  
i n f l u e n c e d ,  by sound  p r e s s u r e  b u t  n o t  by any o f  t h e  
o t h e r  f a c t o r s  i n v e s t i g a t e d ,  . Maximum sound  p r e s s u r e  
r a i s e d  t h e  mean v a l u e  from 1*29 to  1 .6 5  B . T , U . / f t ^ h r ? F .  
T h is  was e v i d e n t l y  c o n n e c te d  w i t h  t h e  r e d u c t i o n  i n  gas  
t e m p e r a t u r e .
A Summary o f  t h e  e f f e c t s  o f  t h e  v a r i a b l e s  on c o n v e c t i o n  
i s  shown i n  T a b le  22 and t h e  r e s u l t s  o f  t h e  s i g n i f i c a n c  
t e s t s  i n  Table  J 23 .
~1'55^
T a b le  22 .  Heat  T r a n s f e r  by C o n v e c t io n ,
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As 8a c r o s s - c h e c k  on t h e  a s s u m p t io n s  which  had
been  made i n  d e r i v i n g  t h e  c o n v e c t i o n  f i g u r e s ,  v a l u e s
1 2Swere  c a l c u l a t e d  f o r  t h e  f u n c t i o n  0 .2 5 0  * J which
F i s h e n d e n  and S a u n d e rs  (R ef  54 p p . 97?98 ) show to
a p p ly  t o  f l u e  g a s e s  f l o w i n g  i n  v e r t i c a l  c y l i n d e r s  i n
th e  t u r b u l e n t  r e g i o n  t r a n s f e r r i n g  h e a t  by n a t u r a l
c o n v e c t i o n .  I n  t h i s  f u n c t i o n  0 i s  t h e  t e m p e r a t u r e
d i f f e r e n c e  i n  d e g r e e s  F.
On t e s t i n g  f o r  t h e  s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e
b e tw e e n  t h e  means o f  t h e  two s e t s  o f  f i g u r e s  by t h e
c o n v e n t i o n a l  t  t e s t ,  t h e  d i f f e r e n c e  was found  to  be  n o t
s i g n i f i c a n t .  The d i f f e r e n c e  f i g u r e s  were  examined f o r
each  sound l e v e l  and c o n f i r m e d  to  be n o t  s i g n i f i c a n t  i n
a l l  c a s e s ,  bu t  t h e  mean d i f f e r e n c e  was much lo w e r  a t
t h e  two h i g h e r  l e v e l s  as  shown below.
T a b le  24 . Comparison  o f  Methods o f  C a l c u l a t i n g
Heat  F lu x  due  to  C o n v e c t io n ,  B t u / f t ,  h r .
0 .2 5  0^* C -  ^ t o t a l - r a d i a t i o n
G r o u p i n g M e a n  D i f f e
O v e r a l l +197
Z e r o  S o u n d ►+434
s 0 
4000 d y n e s / crn^ •J-450
I 2
pOOO d y n e s /cm ; + 62
1^2000 d y n e s / cm^
1—
1
V
O1—1 1
S i g n i f i c a n c e  L e v e l
Not s i g n i f i c a n t  
Not s i g n i f i c a n t  
l o t  s i g n i f i c a n t  
Not s i g n i f i c a n t  
Not s i g n i f i 0a n t
This , was c o n s i d e r e d  a r e a s o n a b l e  c o n f i r m a t i o n  o f  t h e  
o f  t h e  method u s e d  f o r  r e s o l v i n g  t o t a l  h e a t  t r a n s f e r .
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1 0 , D i s c u s s i o n .
10 . 1 . Summary o f  E f f e c t s : The e f f e c t  o f  s o n i c  v i b r a t i o n s  
was e s s e n t i a l l y  to  i n c r e a s e  t h e  h e a t  t r a n s f e r  by f a c t o r s  
o f  2 to  3 i n "the lo w e r  p a r t s  o f  t h e  t u b e ,  n o t a b l y  t h e  
b o t tom  1 6 " ,  and to  p ro d u c e  a s m a l l e r  d e c r e a s e  i n  h e a t  
t r a n s f e r  i n  t h e  u p p e r  p a r t .
. The v i b r a t i o n s  a l s o  had t h e  f o l l o w i n g  e f f e c t s : —
1 , They lo w e re d  t h e  p o s i t i o n  o f  maximum h e a t  t r a n s f e r  
and r a d i a t i o n  h e a t  t r a n s f e r ' .
2 , In  t h e  l o w e r  19" o f  t h e  f l a m e  t h e y  i n c r e a s e d  f l a m e  
e m i s s i v i t y  a t  t h e  h i g h e r  sound p r e s s u r e s .
3 . I n  g e n e r a l ,  t h e y  r e d u c e d  f lam e  t e m p e r a t u r e .
4 . They s h o r t e n e d  t h e  f l a m e .
I t  has  t o  t o  be b o rn e  i n  mind t h a t  t h e  v i b r a t i o n s  
and t h e  momentum a r e  j e t  phenomena, which w i l l  t h e r e f o r e ,  
become l e s s  e f f e c t i v e  w i th  i n c r e a s i n g  d i s t a n c e  from t h e  
j e t .  On t h e  o t h e r  hand ,  gas  f lo w  r a t e  i s  e f f e c t i v e  o v e r  
t h e  f u l l  l e n g t h  o f  t h e  t u b e .  Thus t h e  e f f e c t s  o f  t h e  
v i b r a t i o n s  were  s t r o n g e s t  i n  t h e  l o w e s t  l 6 "  o f  t u b e  and 
t h e  gas  r a t e  o f  g r e a t e r  s i g n i f i c a n c e  f o r  phenomena i n  t h e  
u p p e r  p a r t  o f  t h e  t u b e ,  p a r t i c u l a r l y  f o r  r a d i a t i o n .
Almost i n  e v e ry  c a s e  where  v i b r a t i o n s  had an i n f l u e n c e ,  
t h e  e f f e c t  was g r e a t e r  a t  600 c . p . s .  t h a t  a t  1700 c . p . s .  
b u t  s h o w e d - g r e a t e r  v a r i a b i l i t y .  For many p r o p e r t i e s  
such  as  o v e r a l l  t o t a l  and r a d i a t i o n  e f f i c i e n c y ,  t o t a l
-1 5 8 -
and r a d i a t i o n  e f f i c i e n c y  o f  t h e  bo t tom  l 6 M of  t u b e ,  
and r a d i a t i o n  h e a t  t r a n s f e r  r a t e . i n  t h e  bo t tom  16" 
o f  t u b e ,  t h e r e  was a change ,  o r  even a r e v e r s a l ,  o f  
t r e n d  a t  4000 o r  8000 d ynes /cm  so t h a t  maximum 
e f f e c t s  were p r o d u c e d  a t  some i n t e r m e d i a t e  p r e s s u r e  
n o t  a t  t h e  maximum p r e s s u r e .
The e f f e c t s  i n  t h e  l o w e r  l o M o f  t u b e  were due to  
i n c r e a s e s  i n  b o th  t h e  r a d i a t i o n  and c o n v e c t i o n  com ponen ts ,  
b u t  changes  i n  t h e  l a t t e r  p r o v e d  t o  be o f  l e s s  i m p o r t a n c e  
c o n s i d e r e d  o v e r  the .  t u b e  a s  a w hole .
1 0 .2  P o s s i b l e  I n t e r p r e t a t i o n : The improvement  i n  h e a t  
t r a n s f e r  by c o n v e c t i o n  i n  t h e  lo w e r  p a r t  i s  a f a i r l y  
o b v io u s  e f f e c t ,  'due to  d i s t u r b i n g  t h e  bo un d a ry  gas  l a y e r s .  
The e f f e c t  on t h e  f l a m e  i s  l e s s  c l e a r ,
A d i f f u s i o n  f l am e  i s  one i n  which t h e  r e a c t i o n  r a t e  
i s  c o n t r o l l e d  by t h e  d i f f u s i o n  p r o c e s s .  Thus any f a c t o r s  
t e n d i n g  t o  i n f l u e n c e  t h e  r a t e  o f  t h e  d i f f u s i o n  p r o c e s s  
w i l l  have  a c o r r e s p o n d i n g  e f f e c t  on t h e  f l a m e .  H i n d e r i n g  
a c c e s s  o f  a i r  by e n c l o s i n g  t h e  f l am e  i n  a t u b e  l e n g t h e n s  
t h e  f l a m e ,  w h i l e  i n c r e a s e  i n  momentum, h i g h e r  R e y n o ld s  
Number and a p p l y i n g  v i b r a t i o n s  a l l  o f  which  p ro m o te  
t u r b u l e n c e  -  t e n d  to  s h o r t e n  i t , -  T h is  i s  due t o  b o t h  
more r a p i d  m ix in g  and,  as t h e  gas. s t r e a m  p h o t o g r a p h  shows, 
i n c r e a s e d  s u r f a c e  a r e a  o f  f l a m e .  The v o r t i c e s  p r o d u c e d  
by t h e  v i b r a t i o n s  w i l l  a l s o  e n t r a i n  a i r ,  t h u s  p r o d u c i n g
-159-
s u r f  a c e s  o f  c o n t a c t  w i t h i n  t h e  f l a m e .  A t  h i g h  l e v e l s  o f  
s o u n d  p r e s s u r e  t h i s  o c c u r s  t o  s u c h  a n  e x t e n t  t h a t  i t  
m a k e s  t h e  f l a m e  i n t e r m e d i a t e  i n  c h a r a c t e r  b e t w e e n  a n  
a e r a t e d  a n d  a  p o s t - a e r a t e d  f l a m e .
I t  i s  s u g g e s t e d  t h a t  t h e  f i r s t  e f f e c t  o f  a p p l y i n g  
t h e  l o w e r  l e v e l  o f  v i b r a t i o n s  i s  t o  n p e b d  u p  t h e  
c o m b u s t i o n  p r o c e s s  o n l y  t o  t h e  e x t e n t  o f  s p e e d i n g  u p  t h e  
c r a c k i n g  r e a c t i o n s  p r o d u c i n g  a n  i n c r e a s e d  c o n c e n t r a t i o n  
o f  c a r b o n  p a r t i  d p s , t h e r e b y  r a i s i n g  e m i s s i v i t y .  F u r t h e r  
i n c r e a s e  i n  s o u n d  p r e s s u r e  t h e n  s p e e d s  u p  t h e  c o m b u s t i o n  
p r o c e s s  t o  s u c h  a n  e x t e n t  t h a t  i t  r e d u c e s  t h e  t i m e  l a g  
b e t w e e n  h e a t i n g  u p  t h e  f u e l  -and i t s  c o m p l e t e  c o m b u s t i o n .  
T h e  v i b r a t i o n s  t h e r e f o r e  a t  t h i s  s t a g e  t e n d  t o  p r e v e n t  
i n t e r m e d i a t e  c r a c k i n g .  T h e  f l a m e  t e n d s  t o  b e c o m e  b l u e  
a n d  e m i s s i v i t y  f 3 ,1 1 s ,
A p a r t  f r o m  h e a t  t r a n s f e r  t o  t h e  t u b e ,  o t h e r  f a c t o r s  
i n f l u e n c e  f l a m e  t e m p e r a t u r e .  T h e  f a c t o r  m a k i n g  f o r  
i n c r e a s e  i n  t e m p e r a t u r e  i s  t h e  i n c r e a s e d  r a t e  o f  
c o m b u s t i o n ,  b u t  t h e  i n c r e a s e d  r a t e  o f  h y d r o c a r b o n  
c r a c k i n g ,  w h i c h  i s  e n d o t h e r m i c ,  t h e  g r e a t e r  e m i s s i v i t y '  
a n d  t h e  c o o l i n g  e f f e c t  o f  i n t r o d u c i n g  a i r  i n t o  t h e  f l a m e  
w i l l  t e n d  t o  l o w e r  t e m p e r a t u r e .  T h e  r e s u l t a n t  a c t u a l  m e a n  
t e m p e r a t u r e s  -  w h i c h  s h o w  r a t h e r  a  c o n f u s e d  p i c t u r e  -  
w i l l  b e  d u e  t o  i n t e r a c t i o n s  o f  t h e s e  e f f e c t s .
~l6Q~
I t  would be v a l u a b l e  t o  h ave  t h e s e  phenomena,
i n v e s t i g a t e d  and t h e s e  s p e c u l a t i o n s  q u a n t i t a t i v e l yX *
d i s c u s s e d  by w o r k e r s  on t h e  p h y s i c a l  c h e m i s t r y  of
f l a m e s ,  .
The g r e a t e r  e f f e c t  o f  t h e  loY^er f r e q u e n c y  i s
p r o b a b l y  c o n n e c t e d  w i t h  t h e  f a c t  t h a t  p a r t i c l e
d i s p l a c e m e n t  i n  a, sound f i e l d  i s  r e c i p r o c a l l y  r e l a t e d
t o  f r e q u e n c y  f o r  a g iv e n  sound p r e s s u r e ,  a c c o r d i n g  t o
t h e  d e r i v e d  f o r m u la  ^9
a  « c .  v  .............................................................................3 4 s.
2 n n #  P
where  a = maximum a m p l i tu d e  i n  cm,
c — v e l o c i t y  o f  sound c m /s e c .
/  O
p = maximum e x c e s s  p r e s s u r e ,  d ynes /cm ^  
n »  f r e q u e n c y  c . p . s .
P s  a t m o s p h e r i c  p r e s s u r e  i n  dynes /cm ^
Thus a600 c . p . s .  » 1700 ' s  2 ,8 3
a l7 0 0  c . p . s .  600 
At 1200 dynes /cm ^  t h e  v a l u e s  a r e  0.042  cm, a t  1700 c . p . s ,  
and O . H 9  cm a t ' 6 0 0  c . p . s .
10 . 3 . F u r t h e r  D e v e lo p m e n t s : I f  t h e s e  e f f e c t s  were  to
be  i n d u s t r i a l l y  a p p l i e d . t o  g i v e  c o n t r o l  o f  f lam e  l e n g t h  
and improve  h e a t  t r a n s f e r  i n  s h o r t  b o i l e r s ,  a r r a n g e m e n t s  
would h a v e  to  be made t o  m i t i g a t e  t h e  n o i s e  n u i s a n c e .
1700 c . p . s .  i s  c l o s e  t o  t h e  f r e q u e n c y  o f  maximum s e n s i t i v i t y  
o f  t h e  human e a r ,  b u t  600 c . p . s .  i s  b o t h  more e f f e c t i v e  and
l e s s  i r r i t a t i n g .  I t  would p a r t i c u l a r l y  be u s e f u l  to  
s t u d y  t h e  p o s s i b i l i t i e s  o f  u s i n g  50 o r  100 c . p . s .  
b e c a u s e  t h e s e  f r e q u e n c i e s  h ave  t h e  d o u b l e  a d v a n ta g e  
o f  g i v i n g  l e s s  n o i s e  f o r  a  g i v e n  power d i s s i p a t i o n  and 
o f  b e i n g  c a p a b l e  o f  g e n e r a t i o n  by v e ry  s i m p le  e lec tro**  
m a g n e t i c  equ ipm en t  w o rk in g  d i r e c t l y  o ff  t h e  mains w i t h o u t  
n e e d i n g  e x p e n s i v e  o s c i l l a t o r s .
U l t r a s o n i c s  s h o u l d  a l s o  be i n v e s t i g a t e d  d e s p i t e  
t h e  i n d i c a t i o n s  so f a r  t h a t  t h e  h i g h e r  f r e q u e n c i e s  a r e  
l e s s  e f f e c t i v e  i n  a l t e r i n g  t h e  f l a m e  p r o p e r t i e s .  They 
h a v e  t h e  g r e a t  a d v a n t a g e  t h a t  h i g h  power l e v e l s  can  be  
u s e d  w i t h o u t  c a u s i n g  a  n o i s e  n u i s a n c e  and t h i s  may 
o u tw e ig h  t h e  d i s a d v a n t a g e  o f  h a v i n g  an a p p a r e n t l y  l e s s e r  
e f f e c t  on t h e  f l a m e .
As kn owl ed aments  t
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a cknow ledge  h e l p f u l  d i s c u s s i o n s  w i t h  Mr, P a t r i c k  o f  t h e  
N o r th  Thames G-as B oard ,  Mr. Savage  and Mr, T a y l o r  o f  
3 . I . S . H . A .  and Mr, B u tc h e r  o f  t h e  N a t i o n a l  P h y s i c a l  
L a b o r a t o r y .  The a u t h o r  acknow ledges  a, g r a n t  f rom  t h e  
U n i v e r s i t y  o f  London C e n t r a l  R e s e a r c h  Fund f o r  t h e  
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S a l t e r s  I n s t i t u t e  o f  I n d u s t r i a l  C h e m is t ry  f o r  t h e  p u r c h a s  
o f  t h e  o s c i l l a t o r  and v a l v e  v o l t m e t e r ,  and t h e  l o a n  o f  a 
p r o b e  m icrophone  by t h e  N o r th am p to n  P o l y t e c h n i c .
- 162-
F i n a l l y  he w i s h e s  to  t h a n k  Mr. 0 . Chesterman
f o r  v a l u a b l e  p r a c t i c a l  a s s i s t a n c e .
REFERENCES.
1 . L indmark T. & Edenholm H. Flame R a d i a t i o n  i n  
Water  Cooled B o i l e r  F u r n a c e s ,  I n g e n i o r s  V e te n sk a p  
Akaderniens H a n d lu n g a r  N o ,66,  1927 .
2 . L indmark T. & K i g n e l l  E, Flame R a d i a t i o n  in  
Water  C o o l e d . B o i l e r  F u r n a c e s  P a r t  I I .  I n g e n i o r s  
V e ten sk a p  A k a d ern ien s 'H an d lun g ar  N o .109 , 1931 •
3 . Immersion  Tube H e a t i n g  w i t h  Gras. R e s e a r c h  
B u l l e t i n  No. 24 . American Gas A s s o c i a t i o n  T e s t i n g  
L a b o r a t o r i e s  1944 .
4 . Buck, R.M. Gas f i r e d  Im m ers ion  H e a t i n g .  I r o n  
Age, V o l . 158 P a r t  I  1946 ,  P . 4 6 .
5 . S a r j a n t ,  R . J .  I g n i p o t e n c e  . J .  I n s t . F u e l  1951 
V o l . 24 No. 135 P «2 .
6 .  Hammond E* & S a r j a n t  R . J ,  Heat  R e l e a s e  i n  C o a l -
f i r e d  C om bust ion  Chambers .  J .  I n s t  F u e l  1952- 53 , 
V o l . 25 0.3S4.
7 . S a r j a n t  R . J .  & Smith  D, H e a t  T r a n s f e r  i n  a C o n t in u o u s  
R e h e a t i n g  F u r n a c e .  J . I n s t . F u e l  1954  V o l . 27 p , l 6 .
8. S a l a h  M.A, Heat  T r a n s f e r  from Luminous Gas 
F lames i n , V e r t i c a l  T u b e s , P h .D . T h e s i s , London 1952 .
9 . Gunn B.C. The E f f i c i e n t  G e n e r a t i o n  o f  I n d u s t r i a l  
S t e a m . E n g i n e e r i n g .  1954 , P . 335*
10 . B ro e ze  J . J . ,  R ibaud  G. and S a u n d e rs  O.A, e t  a l .
Flame R a d i a t i o n  R e s e a r c h  J o i n t  Commit tee .  R e p o r t s  ■ 
o f  1949 t r i a l s  a t  I j m u i d e n .  J .  I n s t . B u e l  V o l . 24 , 
1950? P* S-kl ,
11 . T h r in g  M.W, e t  a l . Flame R a d i a t i o n  R e s e a r c h  
Commit tee .  R e p o r t s  o f  b u r n e r  T r i a l s  a t  I j m u i d e n .  ' 
J . I n s t . F u e l  , V o l . 26 , I 9 5 3 ,  p . 1 8 9 .
12 . The R a d i a t i o n  from T u r b u l e n t  J e t  D i f f u s i o n  Flames 
o f ' .L iq u id ,  F u e l /C o k e  Oven Gas M ix tu re ^  ,J» I f iB t i  F u e l .  
V o l . 29,  1956 ,  p . 23 ,
1 3 .  A sh ton  M.D. Heat  T r a n s f e r  from Coal  Gas Flames 
t o  Water J a c k e t e d  H o r i z o n t a l  Tubes .  P h . D . T h e s i s ,  
London, 1956.
1 4 . Wood a .  A c o u s t i c s .  V o l . I I  1950 p . 29
15 .  Brown G.B. ( a )  On S e n s i t i v e  F lam es .  P h i l . M a g . V o l . 13
1932,  p . 161 ,
(b )  V o r te x  M otion  i n  G a s e o u s . J e t s  and t h e
O r i g i n  o f  t h e i r  S e n s i t i v i t y  to  Sound.
P r o c .  P h y s .  Soc .  V o l .4 7 , 1935 , P . 703 .
-164-
16". Andrade E.N., The S e n s i t i v e  F lam e.  P r o c .  P h y s .
Soo. V o l . 53 P a r t  4 , 1941,  p . 329 .
.1 7 . Z i c k e n d r a h t .  E. ■ l iber  s c h a l l e m p f i n d l i o h e
Flammen, H e l v e t i c e  P h y s i c a  A c ta  V o l . 14 , 1941 ,
P . 195*
l 8 .  Hahnemann H. & E h r e t  L. Uber den E i n f l u s s
s t a r k e r  S c h a l l w e l l e n  a u f  e i n e  s t a t i o n a r  
b ren n e n d e  Gasflamme. Z e i t .  f u r  P h y s i k ,  1943?
Hr.  10- 1 2 , p . 228 .
19* E h r e t  L. , N e u b o r t  U. & Eaionenievih1 H. : Uber  den
E i n f l u s s  s t a r k e r  S c h a l l w e l l e n  a u f  f o r t s o h r e i t e n d e  
. Uasflammen i n  R o h r e n . ■ Z. angew. P h y s i k ,  V o l . 4 ,
1952,  p .x .26 .
20 . P o l  any i  M.L* and Marks t e i n  G.H. Phenomena i n  
E l e c t r i c s J l y  and A c o u s t i c a l l y  D i s t u r b e d  Bunsen 
B u r n e r  F I a m e s . U. S , N a v y , P r o j e c t  S q u id ,
T e c h n i c a l  R e p o r t  h o . 5 , 19-47.«
21 . Loshaek  S . ,  F e i n  R . S . ,  & O lson  H.L .  The e f f e c t
o f  Sound on Laminar P r o p a n e - A i r  F lames. .  J .  A c o u s t .  
Soc. A m erica ,  Vol .  21 N o .6 ,  1949?- p , o 05 .
22 . Truman J , 0 . Some P r o p e r t i e s  o f  I n t e n s e  Sound 
Waves i n  R e l a t i o n  to  Com bust ion .  J . A e r o n a u t i c a l  
Sc. 1954 .
23 .  R i c h a r d s o n  E.C. The Theory o f  t h e  S i n g i n g  F lam e.  
P r o c .  P h y s .  Soc. V o l . 3 5 ? 1922- 23 . , p . 47 .
- 165-  ■
24 . R.'By-iiSt F .H . (fc) La Combustion  P u l s a t o i r o  du 
Char.bon P u l v e r i s e ,  C h a le u r  e t  I n d u s t r i e .  March 
1943 p . 7 5 .
(b)  P u l s a t i n g  Combustion  f o r  Steam 
G e n e r a t o r s .  M i t t . V e r .  G r o s s k e s s e l  b e s i t z e r ,  1953? 
N o .2 4 , p . 419 .
( c )  P u l s a t i n g  C om bus t ion .  A e r o n a u t i c s .  
Apr . 1955 V o l . 32 , p . 4 6 .
(d)  P u l s a t i n g  P r e s s u r e  G e n e r a t i n g  
Combust ion  Sys tem s  f o r  &as T u r b i n e s .  P a p e r  55~
A-56 t o  American  S o c .M e c h .E n g . ,H o v .1955*
25.  Putnam A.A.. & D ennis  W.R. Survey o f  Organ p i p e  
O s c i l l a t i o n s  i n  Combustion  S y s te m s .  J . A c o u s t ,
Soc .  A m erica .  V o l . 2 8 , H o .2 , 1956 p . 246.
26.. F r a s e r  R .P .  High I n t e n s i t y  Combust ion  i n
Chemical  E n g i n e e r i n g .  I n s t i t u t i o n  o f  Chemica l  
E n g i n e e r s .  P r e p r i n t  1956 .
27 .  S e x l  T. Uber  den von E ,G .R i c h a r d s o n  e n t d e c k t e n  
1 A n n u l a r e f f e k t Z e i t  f u r  P h y s i k ,  V o l . 6 1 ,1 9 3 0 ,
P . 349 .
28 . K u b a n e k i i ,  P.M. E f f e c t  o f  a c o u s t i c  v i b r a t i o n s
o f  f i n i t e  a m p l i t u d e  on boundary  l a y e r  Z h .’T c k h .  F i z . ,  
1952, V o l . 22, p . 593- q u o t e d  i n  F u b l D A b s t r a o t s ,
V o l . 1 4 . , 1953 ) P . 172 N o .2661
~ l66~
29.  ,West F.B , & T a y lo r  A.T. The E f f e c t  o f  P u l s a t i o n s
on Heat  T r a n s f e r .  Chem. Eng. P r o g r e s s .  J a n . 1 9 5 2 ,
V o l . 48 N 0 . 1 , p . 39.
/
30 . . B e n o i t ,G ,  L ’E changeur  d e  C h a le u r - l t  P u l s a t i o n s .
F I  amine e t  T herm ique ,  1954 , N o .75 ? P *29* .
31 . Havemann H*A. N arayan  Rao 1 . 1 . Heat  T r a n s f e r
i n  P u l s a t i n g  Flow. N a t u r e ,  Vol .  1.954*.p.41  '
32 . Havemann H.A. Development  o f  Com press ion  
A p p a ra tu s  and S t u d i e s  on Heat  T r a n s f e r  and 
Combust ion o f  R a p id ly  Compressed and O s c i l l a t i n g  
C a se s .  J .  I n d i a n  I n s t .  Sc, B, J a n . 1955? l o l * 37? 
P . 58 .
33* Symposium on P u l s a t i n g  and V i b r a t o r y  Phenomena.
I n d u s t r i a l  and E n g i n e e r i n g  C h e m is t ry ,  V o l . 4 7 ?
N o .6 , . 1 9 5 5 ,  p . 1152 .
34 . P o r t e r  R.W. High I n t e n s i t y  Sound h a v e s  now 
H a r n e s s e d  f o r  I n d u s t r y .  Chern. Eng. March
1948 p . 100
35 . Sh iou-C huan  Sun. D e s t r u c t i o n  oif F l o t a t i o n  F r o t h  
w i t h  I n t e n s e  High F re q u en c y  Sound. Mining 
E n g i n e e r i n g ,  1951 ? p . 865 .
36* H e p p i ra s  S.A. A p p l i c a t i o n s  o f  High Power
U l t r a s o n i c s  I n d u s t r i a l  C hem is t ,  1952 , p . 408 .
37 . Auerbach R. ■ M e c h a n ic a l  V i b r a t i o n s  i n  P r o c e s s
E n g i n e e r i n g , C h e m i e - I n g e n i e u r - T e c h n i k ,  V o l . 24 , 
1952,  p . 259.
Dunker H.W. V i b r a t i o n s  i n  t h e  Chem ica l  I n d u s t r y .
C h e m i - I n g e n i e u r - T e c h n i k ,  V o l . 24 , 1 9 5 2 ,p . 262 .
/  /
S o c i e t e  d ! E tu d e s ,  de k e c h e r c h e s  e t  d ’U t i l i s a t i o n  
de B r e v e t s .  B .P .  691 , 47b i-953*
G a y d o n  A . C ,  & W olfha rd  E . G .  F l a m e s , 1953 P*lb* 
T a y lo r  G , I .  C r i t e r i a "  f o r  T u r b u le n c e  i n  Curved 
P i p e s ,  P r o c .  R o y . S o c .  V o l . 124 , 1929 , p . 243* 
K evlegan  & B e i j .  P r e s s u r e  L o sse s  f o r  F l u i d  Flo?/ 
i n  Curved P i p e s . '  J . R e s , H a t . B u r . o f  S t a n d . ,  Vol .
18 , 1937 P . 89 .
N a t i o n a l  P h y s i c a l  L a b o r a t o r y .  N o te s  on A p p l i e d  
S c i e n c e  N o .10 . N o ise  Measurement  T e c h n iq u e s .  
S e c t i o n  4 > C a l i b r a t i o n ,  p . 32.
(a)  T h o rn to n  J . D .  The E f f e c t  o f  P u l s e  Wave-form 
and P l a t e  Geometry upon  t h e - P e r f o r m a n c e  and Theory 
I n p u t  o f  a P u l s e d  Column.
(b) L o g s d a i l  D.H. & T h o r n to n  J . D .  The E f f e c t  o f  
Column D ia m e te r  upon t h e  P e r f o r m a n c e  o f  P u l s e d  
P l a t e  Columns.
P a p e r s  t o  be p r e s e n t e d  to  a  m e e t in g  o f  t h e  
I n s t i t u t i o n  o f  Chemical  E n g in e e r s  and t h e  B r i t i s h  
N u c le a r  Energy C o n f e re n c e .  Feb.  1957*
Laod T* & B a rb e r  R* d e s i g n  o f  s u c t i o n
p y r o m e t e r s .  T r a n s .  S o c . I n s t r .  Tech ,  V o l . 6 n0 , 3 > 
1954 , p . 112 .
- 168-
4 6 ,  American Gas A s s o c i a t i o n .  F u n dam en ta l s  o f  
R e so n a n t  N o ise  i n  Gas F u r n a c e s ,  R e s ,  B u l l . .
No. 25, 1944 .
47 - Gas R e s e a r c h  Board .  R e p o r t  on t h e  N o i s e s  o f
G a s - B u r n e r s ,  P a r t  I .  T r a n s .  I n s t .  Gas E n g in e e r s
9 0 ,  1 9 4 0 ,  p . 2 6 5 .
4 8 . Lawley L .E . -  A c o u s t i c  Methods i n  Gas A n a l y s i s .  
Chem* & I n d .  1954 , p . 200 ,
4 9 . P o y n t i n g ,  Thomson and T u ck e r .  ' U n i v e r s i t y  Text  
book o f  P h y s i c s .  V o l . I I ,  Sound. 1949 , p , 21 ,
50 . Har low  R,G. The V e l o c i t y  o f  Sound i n  G ases .
P h .D .  t h e s i s  U n i v e r s i t y  o f  London. 1955*
51.  G l o s s a r y  of. A c o u s t i c a l  Terms. B . S .  6 6 l  1936 
and 1951 .
52* Gooderham, W.J . New A p p a r a tu s  f o r  Gas A n a l y s i s .  
A n a l y s t ,  V o l»72 , 1947? P . 5 ^ 0 .
53 . Gooderham 1 * J .  A c c u r a t e  A n a l y s i s  o f  Waste Gas 
w i t h  a Soap F i l m  A p p a r a t u s .  Chem.& I n d ,  1954 ,
p . 121.
54 . As r e p r o d u c e d  i n  F i s h e n d e n  M. &.S a u n d e rs  O.A.
An I n t r o d u c t i o n  t o  H ea t  T r a n s f e r ,  1950 p . 1 9 - 2 5 .
55* I n d u s t r i a l  Gas Development  Commit tee .  C a l c u l a t i o n  
o f  F lu e  L o s s ,  50/ 2/39  D.O83.
56 .  Schmidt M. P r o o f  o f  t h e  R a d i a t i o n  Law. i n  t h e  
c a s e  o f  t h e  Bunsen F lam e.  Annalen  dec  P h y s i k .
V o l . 29 , 1909,  p . 998 ,
T h r in g  M.W. S c i e n c e  o f  Flames and F u r n a c e s ,  
P *1?2 e l  s e q .
Brownlee  K.A. I n d u s t r i a l  E x p e r i m e n t a t i o n ,  
1949 . P P . 50 &.83 e t  s e a .
D a v is  A.H* Modern A c o u s t i c s .  1934 p , 109<
